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The formation of C–C bonds is a foundational aspect of organic chemistry, and the 
development of transition-metal catalyzed, cross-coupling reactions has fundamentally changed 
the way chemists think about C–C bond formation. Within the class of transition-metal catalyzed, 
cross-coupling reactions, the Suzuki-Miyaura reaction has emerged as the most popular method 
because of the relative non-toxicity of organoboron derivatives, the extensive reaction scope that 
has been demonstrated with the method, and the inertness of organoboron reagents towards other 
functional groups. 
Considering the importance of the Suzuki-Miyaura reaction in a variety of fields, the 
mechanism by which the reaction occurs is of considerable interest, The work described in this 
dissertation has focused on further developing our mechanistic understanding of Suzuki-Miyaura 
reaction, and  leveraging new mechanistic insights to develop powerful cross-coupling methods.  
For the first time, pre-transmetalation intermediates incorporating boronic esters have been 
characterized, proving the competency of boronic esters to undergo transmetalation without prior 
hydrolysis. Boronic ester structure was found to have a significant impact on both pre-
transmetalation intermediate speciation and the rate of arene transfer; several boronic esters 
examined were found to undergo transmetalation over 20 times faster than the corresponding 
boronic acid.  To harness this increase in the rate of transmetalation, an anhydrous, homogeneous 
cross-coupling method was developed to cross-couple boronic esters without hydrolysis to the 
boronic acid. Whereas most boronates are insoluble in organic solvent, boronates derived from 
potassium trimethylsilanolate (TMSOK) and neopentyl boronic esters are freely soluble in ethereal 
solvents, allowing anyhydrous cross-coupling without interference from mass-transfer effects. 
Finally, the mechanism of the TMSOK-promoted Suzuki-Miyaura reaction was investigated, 
revealing surprising insights into the mechanism of transmetalation from organic-soluble 
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CHAPTER 1: INTRODUCTION 
 
1.1 Introduction. 
The development of transition-metal catalyzed, cross-coupling reactions has fundamentally 
changed the way chemists think about C–C bond formation.1  The discovery of cross-coupling 
methods has significantly altered the types of molecules that chemists make, by some accounts 
beyond what desired function demands - cross-coupling reactions are preferred by chemical 
practitioners.2,3 Because the formation of C–C bonds is a foundational aspect of organic chemistry, 
cross-coupling reactions are routinely applied in nearly every field in which organic chemistry is 
relevant, including polymer and materials chemistry,4–6 medicinal chemistry,2,7 small-molecule 
synthesis performed on small scale8 and large,9–11 and natural products synthesis.12 The widespread 
impact of this technology was recognized by the 2010 Nobel Prize in Chemistry, awarded to 
Richard Heck, Ei-ichi Negishi, and Akira Suzuki for their pioneering studies on cross-coupling 
reactions.1,13 
Among cross-coupling reactions that form C–C bonds, the most popular are the Stille-Migita-
Kosugi reaction,14,15 Kumada-Tamao-Corriu reaction,16 Negishi reaction,17,18 Mizoroki-Heck 
reaction,19 Suzuki-Miyaura reaction,20–23 Sonagashira reaction,24,25 and Hiyama-Denmark 
reaction.26–28 A subset of these cross-coupling reactions - the Stille, Kumada, Negishi, Suzuki-
Miyaura and Hiyama-Denmark reactions - share a common mechanism (Figure 1.1).29 In this 
mechanism, a transition metal undergoes oxidative addition into a carbon-halogen bond, loading 
the transition metal with the first cross-coupling partner. The resultant complex, or one derived 
from it, then undergoes transmetalation with an organometallic reagent, loading the transition 
metal with the second cross-coupling partner. Finally, reductive elimination forges a new C–C 
bond between the partners and regenerates the transition metal catalyst that initiated the cycle. The 
mechanism of the oxidative addition and reductive elimination steps is conserved between all 
palladium-mediated variants of the Kumada, Negishi, Stille, Suzuki-Miyaura and Hiyama-
Denmark reactions. The methods are differentiated by the organometallic reagent used as the 
transmetalating partner. The Kumada reaction uses organolithium or magnesium reagents, the 
Stille reaction uses organostannanes, the Negishi reaction uses organozinc reagents, the Hiyama-
 2 
Denmark reaction uses organosilicon reagents, and the Suzuki-Miyaura reaction uses organoboron 
derivatives. 
 
Figure 1.1. Generic cross-coupling reaction mechanism. 
Among the cross-coupling methods discussed, the Suzuki-Miyaura cross-coupling has become 
the most frequently used cross-coupling method as measured by total number of publications.1,30 
The popularity of the reaction can be attributed to the relative non-toxicity of boron complexes, 
the extensive reaction scope that has been demonstrated with the method, and the inertness of 
organoboron reagents towards other functional groups. Also significant is the stability of 
organoboron derivatives, which allows them to be bottled and sold. This makes the reaction highly 
attractive to practitioners in the pharmaceutical industry, as well as practitioners in fields other 
than synthetic organic chemistry, for whom the synthesis of organometallic coupling partners can 
be nontrivial.  
1.2 History and Mechanism of the Suzuki-Miyaura Reaction. 
The Suzuki-Miyaura reaction was discovered by Norio Miyaura, Kinji Yamada, and Akira 
Suzuki in 1979.31 Their discovery was preceded by the discovery of cross-coupling reactions that 
utilized organoaluminum,32 organocopper,33 organozirconium34  and organomagnesium35 reagents. 
The stability of organoboron derivatives made them an attractive transmetalating reagent, but early 
attempts at transmetalation from organoboron derivatives failed.32 In the seminal work on the 
Suzuki-Miyaura coupling, Miyaura, Yamada and Suzuki discovered that in contrast to other 
[M]
X
M = Li, Mg, Al, Zn, Si, Sn, B…
PdII(L)n (L)nPdIIX









transmetalating reagents, transmetalation from organoboron derivatives requires a stoichiometric 
quantity of base to proceed. 
Continued efforts over the next 30 years demonstrated that the Suzuki-Miyaura coupling is a 
highly general method capable of reacting a wide variety of nucleophilic and electrophilic coupling 
partners in high yield.22,23 As adoption of cross-coupling methods became widespread, many 
research groups began to investigate the mechanism of palladium-mediated cross-coupling 
reactions, including the Suzuki-Miyaura reaction. These studies have revealed much about the 
mechanism of the three elementary steps present in the Suzuki-Miyaura reaction – oxidative 
addition, transmetalation, and reductive elimination – and are summarized below. 
1.2.1 Mechanism of Oxidative Addition. 
Oxidative addition is the first step in the mechanism of most cross-coupling reactions catalyzed 
by palladium. In this elementary step, a Pd0 catalyst inserts into a C–X bond to furnish an 
carbopalladium(II) halide complex. The rate of oxidative addition generally follows the trend X = 
I > OTf > Br >> Cl >> F.36–41 For a given halide, oxidative addition into electron deficient C–X 
bonds is faster than oxidative addition into electron rich C–X bonds.20 When palladium undergoes 
oxidative addition into aryl and heteroaryl halides, oxidative addition typically proceeds through 
a three-center transition state with concerted C–X bond breakage, C–Pd bond formation, and X-
Pd bond formation (Figure 1.2a).41–43 In contrast, alkyl halides can undergo oxidative addition 
through a three-center transition state or an concerted, invertive pathway with palladium acting as 
the nucleophile (Figure 1.2b,c).44 Extensive mechanistic studies by Hartwig have identified many  
Figure 1.2. a. Concerted oxidative addition into an aryl C–X bond. b. Concerted, retentive oxidative addition into an alkyl 
































































nuances to the mechanism of oxidative addition of palladium into aryl halides dependent on halide 
and ligand identity.45,46 
Prior to the development of specialized ligands, aryl chlorides could not be used in palladium-
catalyzed, cross-coupling methods because the palladium catalysts that were frequently employed 
cannot oxidatively add into a C–Cl bond under accessible reaction conditions.47,48 A catalyst 
capable of oxidative insertion into a C–Cl bond is valuable because when compared to aryl 
bromides and iodides, more aryl chlorides are commercially available, and at a lower cost. To 
address this challenge, many groups developed new ligands capable of oxidative addition into a 
C–Cl bond. Among these efforts, the most notable were the efforts of the Buchwald and Fu 
laboratories.47,48 Their studies identified bulky and highly electron donating phosphine ligands that 
increase the rate of oxidative addition into aryl chlorides to preparatively useful levels.  It is 
proposed that these ligands accelerate oxidative addition by: (1) increasing the electron density on 
palladium, and thereby increasing its susceptibility towards oxidation, and (2) promoting the 
dissociation of ligands to form a monoligated, palladium(0) species.45,49 Using ligands such as tert-
butylphosphine, tricyclohexylphosphine, and biaryl di-alkylphosphines (colloquially termed 
“Buchwald ligands”), rapid oxidative addition into aryl chlorides at room-temperature has been 
achieved (Figure 1.3).50,51 Alongside these advances, the Organ group has demonstrated the use of 
NHC ligands to promote the Suzuki-Miyaura cross-coupling of aryl chlorides and highly sterically 
encumbered aryl halide partners.52 
 























1.2.2 Mechanism of Transmetalation. 
1.2.2.1 Identification of Pre-transmetalation Intermediates. Two mechanistic pathways have 
been proposed for transmetalation in the Suzuki-Miyaura reaction. In the first, a “Pd-O-B linked” 
species 1.17/1.20 undergoes transmetalation through a unimolecular transition state to furnish 
diorganopalladium species 1.18/1.21 (Figure 1.4a,b). In the second, transmetalation proceeds in a 
bimolecular process combining a boronate and a palladium complex (1.23) without prior 
coordination (Figure 1.4c). As early as 1985, Suzuki and coworkers hypothesized that 
transmetalation in the Suzuki-Miyaura reaction proceeds through a complex analogous to 1.17.53   
Investigations using deuterium-labeled alkylboranes and boronic acids conducted by 
Soderquist found that transmetalation proceeds with retention of configuration, providing evidence 
for a unimolecular transition state (Figure 1.5).36 These data are consistent with subsequently 
Figure 1.4. Different pathways for transmetalation in the Suzuki-Miyaura reaction. 
Figure 1.5. Soderquist's experiments to determine the stereochemical outcome 















































































































generated data on the mechanism of transmetalation in the Stille14 and Hiyama-Denmark54–56 
coupling reactions, which also go through a unimolecular transmetalation pathway incorporating 
a Pd-Y-M linkage, where Y is a halogen or oxygen and M is tin or silicon, respectively.  
The instability of Pd-O-B linked intermediates precluded their direct characterization until 
2016, when the Denmark laboratory used their Rapid-Injection NMR (RI-NMR) apparatus57 to 
generate and spectroscopically characterize the pre-transmetalation intermediates in the Suzuki-
Miyaura reaction.58,59 The combination of arylpalladium hydroxide dimer 1.30 with 1.0 equiv of 
4-fluorophenylboronic acid (1.31) at cryogenic temperature furnished a complex that was assigned 
as 1.32 based on 1-D, 2-D and heteronuclear NMR data. Observation of a NOESY cross-peak 
between the protons of the phosphine ligand and the aromatic protons in 4-fluorophenylboronic 
acid prove that the two are linked, and this conclusion was supported by the observation of an 11B 
NMR peak at a frequency consistent with a 4-coordinate boron species (Figure 1.6a). Combination 
of dimer 1.30 with two or four equiv of boronic acid did not cause the bimetallic compound 1.32 
to further react to form pre-transmetalation intermediates with a 1:1 Pd:B ratio. When complex 
1.30 was warmed to –30 ºC in the presence of 2.0 equiv 4-fluorophenylboronic acid (1.0 equiv/Pd), 
transmetalation was observed, and the rate of transmetalation could be monitored by the 
appearance of biaryl 1.33 and the disappearance of 1.32. Eyring analysis was used to determine 
the reaction activation parameters ∆H‡ and ∆S‡, and comparison with values calculated using DFT  





































k = 5.78 x 10-4 s-1
± 0.13 x 10-4 s-1
(using 2 equiv 1.31)
∆G‡243.15 = 17.7 ± 1.1 kcal/mol, 
calculated 15.38 kcal/mol
∆S‡243.15 = –0.0069 ± 0.0032 kcal/mol•K, 
calculated –0.003 kcal/mol•K







































suggests that 1.32 and 4-fluorophenylboronic acid are in equilibrium with 1.34, and that 1.34 
undergoes transmetalation (Figure 1.6b).  No signals consistent with a biarylpalladium species 
were observed by 19F NMR, suggesting that reductive elimination is much faster than 
transmetalation in this system.  
Complex 1.32 could be converted into the 1:1 Pd:B complex 1.35 by combining it with 1.0 
equiv of 4-fluorophenylboronic acid in 9:1 THF-d8:MeOH-d4 at cryogenic temperature (Figure 
1.7). Complex 1.35 was also characterized by 1D, 2D and heteronuclear NMR, and the Pd-O-B 
linkage was similarly established by the observation of NOESY cross-peaks between the ligand 
and boron reagent and the 11B NMR chemical shift. Comparison with an authentic standard 
confirmed that 1.35 incorporated the dimethylboronic ester, formed through exchange with the 
methanol solvent. Upon warming to –30 ºC, the 1:1 complex 1.35 was also competent to undergo 
transmetalation, and the kinetics of transmetalation could be monitored by the appearance of biaryl 
1.33 or the disappearance of complex 1.35.  
 
Figure 1.7. Synthesis and characterization of a 1:1 Pd:B pre-transmetalation intermediate containing a dimethyl boronic 
ester. 
The presence of excess phosphine ligand had a significant effect on pre-transmetalation 
intermediate speciation. When 4-fluorophenylboronic acid was combined with bisligated 
palladium species 1.36, a new complex 1.37 evolved and the new complex was characterized in 
the same fashion as 1.32 and 1.35 (Figure 1.8). The formation of complex 1.37 occurs with loss of 
an equiv of water, resulting in a Pd-O-B linked species containing a 3-coordinate boron center. 
Surprisingly, when warmed to 20 ºC, complex 1.37 was competent to undergo transmetalation in 
the absence of a Lewis basic promoter, albeit at a significantly lower rate than transmetalation 








































k = 1.41 x 10-3 s-1





Figure 1.8. Identification of pre-transmetalation intermediates in the presence of excess phosphine ligand. 
Attempts to hydrate this species to furnish a bisligated Pd-O-B intermediate incorporating a 4-
coordinate boron center failed (Figure 1.9). This was experimentally verified through two 
experiments. In the first, complex 1.32 was generated, then combined with 4.8 equiv triisopropyl 
phosphine, resulting in dehydration to furnish bisligated complex 1.37. In the second, combining 
1.37 with 5.0 equiv of cesium hydroxide monohydrate, furnished the starting complex 1.36 and 
cesium boronate 1.38. DFT calculations show the steric encumbrance of the two phosphine ligands 
prevents the hydration of 1.37, as the hydrated species cannot avoid placing a hydroxyl group 
within the van der Waals radius of a triisopropyl phosphine ligand.  
 
Figure 1.9. Attempts to prepare a bisligated pre-transmetalation intermediate containing a 4-coordinate boronate. 
To summarize, three distinct Pd-O-B linked pre-transmetalation intermediates were 



























k = 4.48 x 10-3 s-1































































transmetalation demonstrates their potential competency as intermediates in the Suzuki-Miyaura 
reaction. These results support the consensus that sp2-hybridized nucleophilic partners generally 
undergo transmetalation through a unimolecular pathway incorporating a Pd-O-B linked structure. 
The presence of excess phosphine was shown to inhibit transmetalation by affecting the pre-
transmetalation catalyst speciation. In contrast, sp3-hybridized nucleophilic partners can undergo 
transmetalation through a stereoretentive or stereoinvertive pathway.60 The unimolecular and 
bimolecular pathways shown in Figure 1.4 have been proposed for alkyl transmetalation on the 
basis of product stereochemistry, but the associated pre-transmetalation intermediates have not yet 
been identified. 
1.2.2.2 Pathways Leading to Pre-transmetalation Intermediates. The mechanism by which a 
Pd-O-B linked species is formed in the Suzuki-Miyaura reaction has been the subject of much 
debate. Two mechanistic hypotheses, termed the boronate pathway (path A) and the oxo-palladium 
pathway (path B) have been proposed.61 In the boronate pathway, a 4-coordinate, 8-electron boron 
species (8-B-4) attacks an arylpalladium halide complex, displacing the halogen and forming the 
pre-transmetalation intermediate (Figure 1.10a).  In the oxo-palladium pathway, the arylpalladium 
halide complex is attacked by base in solution to form an arylpalladium hydroxide complex. The 
resulting arylpalladium hydroxide complex then binds to a 6-electron, 3-coordinate boron 
compound (6-B-3), forming the pre-transmetalation intermediate (Figure 1.10b). 
 
Figure 1.10. Pre-transmetalation pathways in the Suzuki-Miyaura reaction. 
Studies that seek to differentiate between the boronate and oxo-palladium pathways are often 
hampered by heterogeneous reaction conditions originating from either (1) the aqueous/organic 
Pd X
L








































1.4 1.41 1.17 1.33
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biphase typically employed in Suzuki-Miyaura reactions, or (2) the insolubility of boronate salts 
in commonly used organic solvents. Despite these challenges, several experimental studies have 
suggested that the oxo-palladium pathway is operative in most Suzuki-Miyaura reactions. This 
was demonstrated through kinetic studies conducted by Amatore and Jutand, wherein the 
dependence of rate on the concentration of base was studied.62 When combining phenylboronic 
acid with a 1.0 M methanolic solution of tetrabutylammonium hydroxide in DMF, the equilibrium 
constant Keq between 6-B-3 1.42 and 8-B-4 1.39 boron species was found to be >1000. The 
combination of arylpalladium bromide complex 1.43 with a 1.0 M methanolic solution of 
tetrabutylammonium hydroxide yielded arylpalladium hydroxide species 1.44, albeit with a more 
modest Keq value of 5. A series of kinetics studies were then conducted wherein the concentration 
of relevant species was monitored using continuous cyclic voltometry. At low base concentration, 
a positive rate dependence on the mole fraction of boronate was observed, (Figure 1.11b,c). 
However, as the mole fraction of boronate approaches unity, the rate of reaction slows (Figure 
1.11d). Amatore and Jutand interpret these data in the context of the oxo-palladium pre-
transmetalation pathway. They hypothesize that the rate initially  increases with the concentration 
of boronate, as the base is needed to promote the formation of arylpalladium hydroxide complex 
1.46. However, as the quantity of base added increases, increased conversion of competent, 6-B-3 
boronic acid 1.42 into incompetent 8-B-4 species 1.39 causes the rate of reaction to decrease.  
Hartwig and Carrow performed studies that compared the stoichiometric reactivities of both 
the oxo-palladium and boronate pathways (Figure 1.12).61 The equilibrium constant between 6-B-
3 and 8-B-4 boron speciation was observed to be roughly unity when phenylboronic acid was 
combined with potassium carbonate in a mixture of acetone and water. Likewise, the equilibrium 
constant between ArPdI and ArPdOH was determined to be roughly unity when arylpalladium 
hydroxide 1.51 was combined with tetrabutylammonium iodide in a THF/water mixture. These 
experiments demonstrate that under synthetically relevant conditions, the appropriate species are 
present for either a boronate or an oxo-palladium pathway pre-transmetalation pathway. Next, the 
kinetic competence of each path was compared. To explore the oxo-palladium pathway, a 
triphenylphosphine-ligated arylpalladium hydroxide dimer was mixed with an arylboronic acid, 
and the rate of biaryl formation was measured. The rate of transmetalation through the boronate 
pathway was determined by combining bis(triphenylphosphine)arylpalladium halide complex 1.52 
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with potassium boronate 1.49. Hartwig and coworkers found that the oxo-palladium pathway 
kinetically outpaced the boronate pathway by several orders of magnitude. 
Figure 1.11. Mechanistic experiments performed by Amatore and Jutand. 
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In contrast, examples of transmetalation through the boronate pathway are sparse. Soderquist 
found that Lewis-basic alkylboron compounds transmetalate through the boronate pathway.36  
1.2.3 Mechanism of Reductive Elimination. 
As the final step in the catalytic cycle, reductive elimination forges the new C–C bond, and 
regenerates the active catalyst. Studies by both Stille63 and Yamamoto64 demonstrate an inverse 
rate dependence on ligand concentration, suggesting monoligated palladium undergoes reductive 
elimination most readily. This suggests that bulky phosphine ligands accelerate the reductive 
elimination step by promoting the dissociation of extra phosphine ligands. Reductive elimination 
requires both organic fragments to be in a cis-geometry, and if transmetalation results in a trans-
diorganopalladium species, cis-to-trans isomerization must occur prior to reductive elimination. 
1.2.4 Side Reactions Affecting the Suzuki-Miyaura Coupling. 
1.2.4.1 Protodeboronation. The major detrimental side reaction in a Suzuki-Miyaura coupling 
is destruction of the organometallic coupling partner through protodeboronation. The mechanisms 
of protodeboronation have been elucidated through extensive studies performed by Guy Lloyd-
Jones.65,66 Lloyd-Jones finds that when aryl or heteroaryl boronic acids are heated at 70 ºC in a 
50:50 water/dioxane mixture, the rate of protodeboronation varies as a function of boronic acid 
structure and pH, and the observed rates of protodeboronation span seven orders of magnitude. 
Arylboronic acids are generally robust, with half-lives of weeks to months in basic, aqueous media. 
In contrast, heteroaryl boronic acids decompose quickly in aqueous media, with 2-pyridylboronic 
acid exhibiting a half-life of only 25 seconds in a neutral-pH, 50/50 dioxane:water mixture held at 
70 ºC. Many different protodeboronation mechanisms are operative depending on solution pH and 
the boronic acid structure, but one unifying feature is that protodeboronation requires a protic 
source, either to protonate a boronate at the ipso carbon, or to protonate a basic atom in a 
heterocycle. The major exception is protodeboronation in compounds bearing ortho,ortho electron 
withdrawing groups, or highly electron deficient aryl rings. Under aprotic conditions, these 
compounds can undergo protodeboronation by liberating a transient aryl anion, which 
deprotonates another molecule or decomposes through other means.66,67 
1.2.4.2 Protodehalogenation. Protodehalogenation occurs when a heteroatom-containing 
substrate binds to palladium and undergoes b-hydride elimination. The resulting palladium hydride 
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complex is competent to reduce the aryl halide partner. This commonly occurs through 
coordination of an alcoholic solvent or substrate, but can also occur through b-hydride abstraction 
from ethereal solvents such as THF or dioxane.68,69  
1.2.4.3 Oxidative Decomposition of Boron Reagents/Homocoupling. In the presence of 
oxygen, palladium(II) can form palladium peroxo complexes. These complexes are capable of 
oxidizing an arylboronic acid to furnish a phenol, or affect an oxidative homocoupling reaction 
between to organometallic coupling partners.70 These side reactions can be eliminated through 
rigorous elimination of oxygen from the reaction environment, so few attempts have been made 
towards preventing these processes through ligand/boron partner design. 
1.3 Ligand Design. 
A tremendous amount of effort has been spent identifying ligands that effect different classes 
of Suzuki-Miyaura reaction, and a comprehensive review of ligand design in this area is beyond 
the scope of this thesis. In brief, studies have identified two general ligand features that facilitate 
synthetically useful turnover numbers and turnover frequencies in the Suzuki-Miyaura reaction. 
The first is the incorporation of electron-rich, bulky phosphine ligands, and the second is the 
presence of weakly-coordinating functionality in the ligand.50,51 Electron-rich, bulky phosphine 
ligands speed up the rate of oxidative addition by promoting the dissociation of ligands to furnish 
a monoligated palladium(0) species,71 and by increasing the electron density on palladium,49 
thereby making in more susceptible to oxidation. They also increase the rate of transmetalation72 
and reductive elimination49 by promoting the dissociation of additional phosphine ligands. 
Conversely, it has been determined that as the electron donating ability of the ligand increases, the 
rate of transmetalation decreases.59   
The high reactivity of monoligated palladium species also makes them susceptible to 
decomposition – no monoligated palladium(0) species has ever been isolated or characterized. In 
contrast, palladium(0) species ligated with a bidentate ligand such as diphenylphosphinoferrocene 
(DPPF) are considerably more stable, but have corresponding lower catalytic activity. Many 
ligands have been designed with a hemilabile coordinating group that can stabilize the 
intermediates on the catalytic cycle but dissociate more readily than a bidentate phosphine ligand. 
Most famous are the “Buchwald ligands” that bear a substituted 2-biphenylgroup on phosphorus. 
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The ipso carbon of the distal ring in the biphenyl system can coordinate to palladium, stabilizing 
it, but is readily displaced by reaction intermediates.73 The inclusion of an phenyl ring bearing an 
ether group at the ortho position as a substituent on phosphorus has a similar effect, and this design 
element is present in ligands such as BrettPhos74 and BI-DIME (dihydrobenzooxaphosphole)75 
ligands. Finally, bis-phosphine mono-oxide ligands serve a similar role in the Suzuki-Miyaura 
reaction, with the phosphine-oxide acting as a hemilabile ligand.76,77 It has been proposed that in 
Suzuki-Miyaura reactions beginning with bidentate phosphine ligands and a palladium(II) 
precatalyst, the active catalytic species is a phosphine mono-oxide ligand formed through in situ 
reduction of palladium(II) by the phosphine ligand.78 
1.4 Choice of Boron Reagents. 
Many boron derivatives have been prepared to address the challenge of protodeboronation in 
the Suzuki-Miyaura reaction.79 In general, these reagents serve as protected boronic acids, 
unreactive toward both protodeboronation and cross-coupling. The protected boron compounds 
then undergo slow deprotection in situ, providing a low, but constant, concentration of the reactive 
boronic acid.80 The classes of boron reagents are summarized below (figure 1.13):  
 
Figure 1.13. Boron reagents used in the Suzuki-Miyaura cross-coupling. 
1.4.1 Boronic Acids. 
The parent class for the following organoboron derivatives, boronic acids remain the most 
frequently used cross-coupling partner in the Suzuki-Miyaura reaction. They can be prepared by 
trapping an organolithium species with a trialkylborate and hydrolyzing the resulting boronate 
salt,81 through Miyaura borylation,82,83 through C–H borylation processes,84 or by hydroboration 
in the case of alkylboron reagents.85 The main advantages to the use of boronic acids as 




















































economy. The major disadvantages to the use of boronic acids are their instability toward 
protodeboronation, and their propensity to dehydrate upon storage. Although many arylboronic 
acids are bench stable on a timescale of months to years, others are so labile as to be effectively 
impossible to isolate.65 The challenge of protodeboronation is most apparent in heterocyclic and 
highly electron deficient boronic acids. Furthermore, boronic acids are prone to oligomerization 
with extrusion of water, largely forming the cyclic trimer (boroxine).79 This undesired 
oligomerization can render the delivery of a precise stoichiometry of boronic acid challenging. 
1.4.2 Boronic Esters. 
Boronic esters are the second most frequently used class of boron reagents for the Suzuki-
Miyaura coupling. Among boronic esters, pincacol boronic esters are the most widely used, but 
neopentyl boronic esters and catechol boronic esters are also frequently available.  They are 
prepared by condensation of a diol onto a boronic acid, or by Miyaura borylation.86 The major 
advantages of boronic esters are their monomeric composition and increased stability when 
compared to boronic acids. The disadvantages associated with their use include a lower atom 
economy and lesser commercial availability when compared to boronic acids. Despite reports of 
Suzuki-Miyaura reactions of boronic esters in the absence of water, debates continue over whether 
they are competent to undergo transmetalation without prior hydrolysis to the boronic acid.79 
1.4.3 Potassium Trifluoroborate Salts. 
Developed by Genet and popularized largely by the Molander laboratory, potassium 
trifluoroborate salts (BF3K salts) serve as bench stable and protected boron nucleophile partners.87 
BF3K salts are usually formed by treating a boronic acid with KHF2, which causes the BF3K salt 
to precipitate from solution. Studies have demonstrated that BF3K salts are usually88 incompetent 
to undergo transmetalation without undergoing partial or complete hydrolysis.89 The major 
advantage associated with use of BF3K salts is their very high stability and long shelf life. Highly 
labile organoboron species such as vinylboronic acid, 2-pyridyl boronic acid, and 
cyclopropylboronic acid can be readily stored and handled as the corresponding BF3K salt. While 
fewer BF3K salts are commercially available than boronic acids or esters, a sizable quantity are 
available, including the aforementioned unstable coupling partners. Disadvantages to the use of 
BF3K salts are largely challenges observed with use of fluoride anion, including its corrosive 
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nature and the potential to form HF. Additionally, the rate at which a BF3K reagent is deprotected 
in situ must match the rate of cross-coupling to prevent the buildup of unstable boronic acid.89 
1.4.4 MIDA-boronates. 
Popularized by the Burke laboratory, MIDA boronates are highly stable, being unreactive 
toward both cross-coupling and decomposition pathways.90 In the presence of aqueous base, they 
are deprotected to give the parent boronic acid compound. The main advantages of MIDA 
boronates are their stability and their utility in an iterative cross-coupling (ICC) protocol. Like 
BF3K salts, MIDA boronates derived from highly labile boronic acids are stable for long periods 
at room temperature.91 Unlike BF3K salts, they can easily purified through column 
chromatography and carried through multiple synthetic steps. MIDA boronates enable the cross-
coupling of bifunctional building blocks incorporating both a MIDA boronate and a second 
reactive functionality such as a halogen or second boron functional group. The MIDA group 
remains protected while a cross-coupling is performed combining the bifunctional reagent and 
another coupling partner. The resulting product is purified, then the MIDA group is deprotected to 
reveal a reactive boronic acid, that can then be reacted with another bifunctional, MIDA-protected 
building block. This process can be repeated to chain any number of bifunctional building blocks 
and has been used to prepare multiple natural products. Disadvantages to the use of MIDA-
boronates are similar to those for BF3K salts, but without the liabilities associated with fluoride. 
Fewer MIDA boronates are commercially available when compared to boronic acids and esters, 
but a selection is commercially available, including protected reagents that would be highly 
unstable as the boronic acid. 
1.4.5 Boronate Salts. 
Two major classes of boronate  salts are used in the Suzuki-Miyaura reaction – lithium 
triisopropyl boronates,92 and cyclic triol borates.93 Popularized by Buchwald and coworkers, 
lithium triisopropyl boronates are most frequently formed by trapping an aryllithium species with 
triisopropyl borate. The resulting triisopropylboronate salt can be either used directly without 
purification, or isolated and stored for later use. Triisopropylboronate salts are relatively stable – 
potassium triisopropyl 2-pyridylboronate can be formed and cross-coupled successfully. One 
drawback to the use of these reagents that they are rarely commercially available. Once an 
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aryllithium has been formed, it can just as easily be converted to a zinc reagent and undergo a 
Negishi reaction.  
Cyclic triol borates were popularized by Miyaura and coworkers. They are formed through 
transesterification between a boronic acid and triol. The resulting complex is deprotonated to form 
the triol boronate. The complexes exhibit greater stability when compared to lithium triisopropyl 
boronates. They are competent to undergo transmetalation under anhydrous conditions in the 
presence of copper additives. Drawbacks to the use of triolborates include the multiple steps 
involved in their synthesis, and a lack of commercially available cyclic triolborate reagents. 
1.4.6 Boronamides. 
Only one class of boronamide reagent is frequently used in Suzuki-Miyaura reactions – B(dan) 
reagents. Under most Suzuki-Miyaura reaction conditions, B(dan) reagents are unreactive without 
prior hydrolysis, making them useful as slow-release agents and in iterative cross-coupling 
processes.94 In 2020, two research groups reported cross-coupling methods using B(dan) reagents 
without prior hydrolysis to the boronic acid.95,96 
1.5 Goals of this Study. 
The synthesis and characterization of pre-transmetalation intermediates by the Denmark 
laboratory provides an excellent platform for direct study of transmetalation in the Suzuki-Miyaura 
reaction. We chose to use this platform to investigate the role of boronic esters in the Suzuki-
Miyaura reaction. The observation of Pd-O-B intermediates containing a dimethyl boronic ester 
suggested that boronic esters are competent to undergo transmetalation without prior hydrolysis. 
We initially sought to determine: (1) whether other boronic esters are competent to undergo 
transmetalation without prior hydrolysis, and (2) to elucidate the mechanism by which they 
transmetalate if they prove to be competent transmetalation partners. Once those two questions 
were answered, we sought to apply our mechanistic insights to the development of improved 
protocols for Suzuki-Miyaura cross-coupling of boronic esters. Our efforts lead to the development 
of a method to cross-couple boronic esters under anhydrous, homogeneous conditions. Because 
the newly developed method operates under homogeneous conditions, it lends itself to mechanistic 
analysis – we sought to leverage this to directly study the transmetalation event in the Suzuki-
Miyaura reaction without the complications of heterogeneity that plague prior investigations. This 
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effort has led to insights into the mechanism of our newly developed method, and insight into the 
general mechanisms of transmetalation in the Suzuki-Miyaura reaction. 
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CHAPTER 2: IDENTIFYING A STRUCTURE-REACTIVITY RELATIONSHIP 
BETWEEN BORONIC ESTER STRUCTURE, PRE-TRANSMETALATION 




As discussed in Chapter 1, the mechanism of the Suzuki-Miyaura reaction is of considerable 
interest in view of its importance in a variety of fields. Although researchers long postulated that 
the reaction proceeds through the intermediacy of a Pd-O-B linked complex, no such intermediates 
had been characterized. Beginning in 2016, the Denmark lab successfully used Rapid-Injection 
NMR technology to generate and spectroscopically characterize Pd-O-B linked pre-
transmetalation intermediates in the Suzuki-Miyaura reaction.1,2 During the course of that 
investigation, it was determined that the pre-transmetalation intermediate structure is heavily 
dependent upon the bridging capability of the oxygen atoms of the boron reagent. For example, 
the addition of boronic acid 2.2a into a THF solution of Pd dimer 2.1 resulted in the formation of 
2:1 complex 2.3. In contrast, the addition of CH3OH into a THF solution containing complex 2.3 
with 1.0 equiv of 2.2a (from 2.1 and 2.2a, vide supra) at −55 °C resulted in the quantitative 
formation of 1:1 complex 2.4a (Scheme 2.1). Having demonstrated that the bridging oxygen 
significantly influences the pre-transmetalation intermediate structure, it was a natural 
continuation to examine the influence of other donors. 
Scheme 2.1. Formation of 8-B-4 Complex 5. 
 
2.1.2 Goals of this Study. 
Following the successful formation of pre-transmetalation intermediates that incorporate 
methyl boronic esters, we sought to investigate whether pre-transmetalation intermediates could 
















































reactivity relationship relating boronic ester structure to pre-transmetalation intermediate 
speciation and reactivity. The specific goals include:  
(1) full characterization of the pre-transmetalation species (Section 2.2);  
(2) demonstration of the kinetic competence of the characterized species containing Pd-O-B 
linkages to form cross-coupling product (Section 2.3), and  
(3) quantum mechanical simulation of the transmetalation process involving these 
intermediates (Section 2.4). 
2.1.3 Respective Contributions. 
The work described herein was conducted by Dr. Andy Thomas, Dr. Andrew Zahrt, and myself. 
Dr. Thomas prepared and characterized Pd-O-B complexes derived from catechol esters 2.2b, 2.2c, 
and 2.2d, as well as Pd-O-B complexes derived from dimethyl- and diisopropylboronic esters 2.2e 
and 2.2f. Dr. Thomas was also responsible for generating kinetic data for transmetalation from 
catechol ester 2.2b, 4,5-dimethylcatechol ester 2.2c, 3,4,5,6-tetrachlorocatechol ester 2.2d, glycol 
boronic ester 2.2g, pinacol boronic ester 2.2h, neopentyl boronic ester 2.2i, dimethyl boronic ester 
2.2e, diisopropylboronic ester 2.2f, boroxine 2.2j, and 1,3,2-dioxaborolan-4-one 2.2k. Dr. Zahrt 
was responsible for the computational studies detailed in Section 2.5. Determination of the  
structure and transmetalation kinetics of Pd-O-B intermediates derived from 3,6-
dimethoxycatechol ester 2.2l, trans-2,3-butanediol ester 2.2m, cis-cyclopentane-1,2-diol ester 
2.2n, cis-tetrahydrofuran-2,3-diol ester 2.2o, cis-cyclohexane-1,2-diol ester 2.2p, propane-1,3-diol 
ester 2.2q, 2-methylpropane-1,3-diol ester 2.2r, and 1,3,2-dioxaborepane 2.2s were my 
contributions, alongside the determination of transmetalation kinetics from glycol ester 2.2g (10 
equiv w.r.t. Pd), pinacol ester 2.2h (10 equiv w.r.t. Pd), and neopentyl ester 2.2i (10 equiv w.r.t 
Pd). Additionally, the structural characterization of glycol-containing Pd-O-B intermediate 2.4g 
and the studies on a preparative method were my work. Vincent Kassel contributed to the synthesis 
of, and experiments using, butane-2,3-diol ester 2.2m.  
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2.2 Preparation and Structural Analysis of Pd-O-B Complexes.  
2.2.1 Reaction of [(i-Pr3P)(4-FC6H4)Pd(OH)]2 with Various Catechol 4-Fluorophenylboronic 
Esters. 
Previous investigations that employed [(i-Pr3P)(4-FC6H4)Pd(OH)]2 (2.1) and 4-
fluorophenylboronic acid (2.2a) in THF/CH3OH (Section 2.1.1) directed us to investigate the 
interaction between catechol 4-fluorophenylboronic ester (2.2b) and palladium complex 2.1 using 
variable temperature NMR spectroscopy.2 The catechol boronic ester embodies decidedly different 
steric and electronic properties compared to a dimethyl ester and thus would reveal any 
consequences arising from the presence of the ester group in the transmetalation event.  
2.2.1.1 Reaction using arylboronic ester incorporating catechol. Addition of a THF-d8 solution 
of catechol boronic ester 2.2b (1.0 equiv/Pd) to a THF-d8 solution of Pd dimer 2.1 at −78 °C 
followed by warming to −55 °C produced a single, new complex 2.4b by 1H NMR spectroscopy 
(Figure 2.1). The identity of a union between the starting materials, a“Pd-O-B linkage,” was 
established by the observation of strong through space interactions between the aryl protons (Hb 
and Hd) and the methyl hydrogens on the i-Pr3P group. However, NOE cross-peaks were absent 
between the i-Pr3P methyl groups and the catechol hydrogens (He and Hf) suggesting a trans 
relationship between the i-Pr3P ligand and catechol backbone. This hypothesis found further 
support in the computationally derived ground states, wherein a 1.9 kcal/mol energy difference 
favoring the trans configuration was found, (c.f. Section 2.5). The ipso carbon atoms bonded to 
the boron and palladium atoms C(1) and C(2), which do not appear in the 13C NMR spectrum, 
were revealed in the HMBC (1H-13C) spectrum by the observation of cross peaks between Hc and 
Ha hydrogens with the 13C signals at 144.52 ppm (C(1)) and 136.85 ppm (C(2)) respectively (red 
bonds). Finally, the coordination environment about the boron atom was confirmed in the 11B 
NMR spectrum in which a broad signal was observed at 12 ppm, a 20 ppm D(11B) up field shift 
compared to unbound 2.2b, indicating that the geometry about the boron atom had changed from 





Figure 2.1. Formation of a catechol boronate pre-transmetalation intermediate 9 and its 1H NMR spectrum. Integrals are 
reported in red.  
2.2.1.2 Reactions using arylboronic esters incorporating electronically varied catechol 
derivatives. The facile formation of 2.4b containing a Pd-O-B linkage led us to investigate whether 
similar species could be observed using modified catechol boronic esters. Interestingly, the 
addition of electron deficient tetrachlorocatechol 4-fluorophenylboronic ester 2.2d (1.0 equiv/Pd) 
to complex 2.1 at -78 °C followed by warming to -30 °C resulted in the formation of a single new 
species 2.4d by 19F NMR spectroscopy (−120.93 ppm (Fa), −118.27 ppm (Fb) (Table 2.1). 
Additionally, both 4,5-dimethyoxycatechol and 3,6-dimethyoxycatechol boronic esters 2.2c and 
2.2l quantitatively formed new complexes at −30 °C by 19F NMR spectroscopy. These results 
indicate that the electronic properties of the catechol residue do not deter the formation of related 
Pd-O-B intermediates. Having demonstrated the ability of a variety of catechol esters to form Pd-
O-B linked complexes, we next investigated the propensity of aliphatic, 5-membered ring-
containing boronic esters (dioxaborolanes) to do the same. 
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Table 2.1. 19F NMR Chemical Shifts (ppm) for Catechol Ester Pre-transmetalation Intermediates. 
Entry complex R R1 R2 R3 Fa Fb 
1 2.2b H H H H −120.77 −117.43 
2 2.2d Cl Cl Cl Cl −120.93 −118.27 
3 2.2c H MeO MeO H −120.96 −117.51 
4 2.2l MeO H H MeO −121.59 −117.64 
 
2.2.2 Reaction of [(i-Pr3P)(4-FC6H4)Pd(OH)]2 with 1,3,2-Dioxaborolanes of Varying Steric 
Encumbrance.  
2.2.2.1 Reaction using arylboronic ester incorporating pinacol. The addition of pinacol boronic 
ester 2.2h (1.0 equiv/Pd) to complex 2.1 at −78 °C followed by warming to −55 °C in THF resulted 
in no formation of a pre-transmetalation intermediate as determined by 19F NMR spectroscopy 
(Scheme 2.2, right). Even upon warming to −30 °C no intermediate was observed; however, slow 
formation of cross-coupling product 2.5 was seen (c.f. Section 2.3.2.2).4 The lack of a discrete 
intermediate was attributed to the steric bulk around the boron atom imparted by the methyl 
substituents on the pinacol boronic ester. Consequently, investigation of the less sterically 
encumbered glycol boronic ester 2.2g was undertaken.  
2.2.2.2 Reaction using arylboronic ester incorporating ethylene glycol. Addition of a THF 
solution of glycol boronic ester 2.2g (1.0 equiv/Pd) to complex 2.1 in THF at −78 °C followed by 
warming to −55 °C resulted in the conversion of the starting materials to two new complexes by 
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19F NMR spectroscopy in a ~90:10 ratio (Scheme 2.2, left).5 However, the complexes were too 
reactive at this temperature for complete characterization. The mixture was therefore first 
generated at −78 ºC, briefly annealed at −70 ºC and was subsequently cooled to −80 ºC. At this 
temperature, the complexes were stable for ca. 4 h, allowing 1H NMR and NOE spectra to be 
acquired thus enabling more secure structural assignments. The connectivity of the complexes 
through a Pd-O-B linkage was confirmed by the observation of strong through space interactions 
between the aryl protons (Hb and Hd) and the methyl hydrogens on the i-Pr3P group. The major 
species 2.4g (19F NMR signals at −122.00 ppm (Fa) and −118.74 (Fb)) was assigned as the expected 
T-shaped complex with the glycol oxygen bound trans to the i-Pr3P ligand. The minor species 2.4g’ 
(19F NMR signals at −122.24 ppm (Fa‘) and −119.36 ppm (Fb‘)) was tentatively assigned as the 
isomeric complex in which the glycol substituent is cis to the i-Pr3P ligand (Scheme 2.3, left).  
Although a 11B NMR spectrum could not be obtained at −80 ºC, the 1H spectrum revealed four 
distinct resonances for the 1,3,2-dioxaborolane ring, implying that the boron is in a 4-coordinate 
state to break the symmetry of the ring. Together, this evidence strongly suggests the formation of 
a Pd-O-B linked species 2.4g containing glycol boronic ester 2.2g.  
Scheme 2.2. Formation of 8-B-4 Complexes with Glycol and Pinacol Boronic Esters. 
 
2.2.2.3 Reaction using arylboronic ester incorporating trans-butane-2,3-diol. To further 
explore the effect of steric encumbrance on speciation of pre-transmetalation intermediates, we 
prepared a boronic ester incorporating diastereomerically pure trans-butane-2,3-diol. The 
environment around boron is more sterically encumbered in ester 2.2m than in glycol boronic ester  
2.2g, but less so than in pinacol boronic ester 2.2h. When boronic ester 2.2m was combined with 
complex 2.1 at − 55 °C, two new sets of resonances appeared in the 19F NMR spectrum. The 
resonances were assigned as pre-transmetalation intermediates 2.4m and 2.4m’ by analogy to 2.4b 






























































Section 2.2.2.2). The formation of complex 2.4m occurs gradually over time, and does not proceed 
to completion - in contrast, glycol and catechol boronic esters 2.2g and 2.2b react rapidly and 
stoichiometrically with complex 2.1 to form pre-transmetalation intermediates 2.4g and 2.4b. The 
broad signals observed for 1, 2.2m and 2.4m indicate they are undergoing chemical exchange, 
suggesting that pre-transmetalation intermediates 2.4m and 2.4m’ are in equilibrium with dimer 




Figure 2.2. 19F NMR spectrum resulting from the combination of 1 equiv 2.1 with 2 equiv 2.2m at −55 °C in THF. 1,2-
difluorobenzene included as internal reference standard. 
2.2.3 Reaction of [(i-Pr3P)(4-FC6H4)Pd(OH)]2 with cis-Dialkyl 1,3,2-Dioxaborolanes. 
2.2.3.1 Reaction using arylboronic ester incorporating cis-cyclopentane-1,2-diol. Next, we 
explored the reaction between Pd dimer 2.1 and 5-membered ring-containing boronic esters (1,3,2-
dioxaborolanes) bearing cis-dialkyl substituents on the ester backbone. Cis-cyclopentane-1,2-diol 
ester 2.2n was combined with Pd dimer 2.1 at −30 ºC, and no new resonances were observed in 
the 19F NMR spectrum. Allowing the mixture to age at −30 °C resulted in transmetalation without 



























































































2.2.3.2 Reaction using arylboronic ester incorporating cis-tetrahydrofuran-2,3-diol. cis-
Tetrahydrofuran-2,3-diol ester  2.2o, a structural analogue of 2.2n, was also investigated because  
cis-tetrahydrofuran-2,3-diol is much easier to prepare than cis-cyclopentane-1,2-diol, making it a 
more attractive option for a preparative method. Combining THF ester 2.2o with Pd dimer 2.1 at 
−30 °C did not result in new signals consistent with a Pd-O-B intermediate (Scheme 2.3).  
Scheme 2.3. Reaction of 1 equiv Pd dimer 2.1 with 2 equiv boronic ester 2.2n or 2.2o at −30 °C in THF. No pre-
transmetalation intermediates were observed by 19F NMR. 
 
However, when 2.2o was combined with Pd dimer 2.1 at −55 °C, new resonances were 
observed at −118.7 ppm, −122.7 ppm, and −123.0 ppm (Figure 2.3). Although the resonance at 
−118.7 ppm is consistent with a pre-transmetalation complex, the complex spectrum observed 
between −122 and −124 ppm precludes definitive analysis. The broad resonances observed, and 




Figure 2.3. 19F NMR spectrum resulting from the combination of 1 equiv 2.1 with 2 equiv 2.2o at −55 °C in THF. 1,2-




















THF, –78 °C then –30 °C
X
X
2.2n: X = CH2
































































2.2.3.3 Reaction using  arylboronic ester incorporating cis-cyclohexane-2,3,-diol. In contrast, 
when cis-cyclohexane-2,3-diol boronic ester 2.2p was combined with Pd dimer 2.1 at −30 °C, two 
sets of two new resonances were observed in the 19F NMR spectrum (−116.4 and −121.6 ppm; 
−118.9 and −122.0 ppm). Again, the 19F chemical shifts and integration of these new species were 
consistent with two structurally distinct Pd-O-B linked intermediates. We assign the intermediates 
as a mixture of complexes 2.4p and 2.4p’, again by analogy to the isomerism observed in pre-
transmetalation intermediates derived from glycol boronic ester 2.2g (Section 2.2.2.2). Whereas 
other boronic esters such as 2.2g (glycol) and 2.2b (catechol) form Pd-O-B linked intermediates 
immediately upon combination with Pd dimer 2.1, cyclohexanediol ester 2.2p reacts more slowly 
with Pd-dimer 2.1, exhibiting a maximum concentration of new species 2.2p and 2.2p’ two min 




Figure 2.4. 19F NMR spectrum resulting from the combination of 1 equiv 2.1 with 2 equiv 2.2p at −30 °C in THF. 1,2-
difluorobenzene included as internal reference standard. 
From these data, it is clear that small changes in dioxaborolane structure have a profound 






















































































continued by exploring the role of ring size on the formation of pre-transmetalation intermediates 
by reacting Pd dimer 2.1 with 6-membered ring-containing boronic esters (1,3,2-dioxaborinanes). 
Table 2.2. 19F NMR Chemical Shifts (ppm) for 1,3,2-dioxaborolane Ester Pre-transmetalation Intermediates. 
entry ester complex (temp °C) Fa Fb Fa’ Fb’ 
1 
 
2.4h -30 no Pd-O-B species observed 
2 
 
2.4g −80 à −30 −122.00 −118.74 −122.24 −119.36 
3 
 
2.2m −55 −121.86 −118.81 −121.86 −119.00 
4 
 
2.2n −30 no Pd-O-B species observed 
5 
 
2.2o −30 no Pd-O-B species observed 
6 
 
2.2o −55 ??? −118.71 N/A N/A 
7 
 
2.2p −30 −121.58 −118.78 −122.04 −118.94 
 
2.2.4 Reaction of [(i-Pr3P)(4-FC6H4)Pd(OH)]2 with 1,3,2-Dioxaborinanes.  
2.2.4.1 Reaction using arylboronic ester incorporating neopentyl glycol. In analogy to the 
results obtained using the pinacol boronic ester 2.2h, no new species were observed when 
neopentyl 4-fluorophenylboronic ester (2.2i) was added to complex 2.1 at −30 °C. When the 
mixture was held at −30 °C, cross-coupling product 2.5 was observed to form with corresponding 
consumption of 2.2i and complex 2.1. Although the lack of an observed complex when pinacol 
ester 2.2h was mixed with 2.1 can be rationalized by the steric bulk surrounding the boron atom, 
the neopentyl boronic ester 2.2i is significantly less encumbered. To elucidate the respective roles 
of steric encumbrance and ring size on pre-transmetalation speciation, we proceeded to investigate 




























2.2.4.2 Reaction using arylboronic ester incorporating 2-methylpropane-1,3-diol  and propane-
1,3-diol. Addition of a THF solution of 2-methylpropane-1,3-diol boronic ester 2.2r to complex 
2.1 at −30 °C did not result in the formation of new species consistent with pre-transmetalation 
intermediates by 19F NMR. Likewise, the combination of propane-1,3-diol boronic ester 2.2q with 
complex 2.1 at −30 °C did not result in the formation of pre-transmetalation intermediates (Scheme 
2.4). The lack of observable pre-transmetalation intermediates incorporating propanediol ester 
2.2q is interesting considering its structural similarity to glycol boronic ester 2.2g, which readily 
forms pre-transmetalation complex 2.4g upon combination with Pd dimer 2.1. These data suggest 
that the ring size of a boronic ester may significantly influence pre-transmetalation speciation. To 
further examine this trend, we sought to prepare pre-transmetalation intermediates incorporating a 
7-membered ring boronic ester (1,3,2-dioxaborepane). 
Scheme 2.4. Reaction of 1 equiv Pd dimer 2.1 with 2 equiv boronic ester 2.2i, 2.2r or 2.2q at −30 °C in THF. No pre-
transmetalation intermediates were observed by 19F NMR. 
 
2.2.5 Reaction of [(i-Pr3P)(4-FC6H4)Pd(OH)]2 with 1,2-Phenylenedimethanol 4-
Fluorophenylboronic Ester. 
Initially, the synthesis of a boronic ester derived from 1,4-butanediol was attempted. However, 
the resulting boronic ester was found to be unstable to hydrolysis under atmospheric conditions. 
Instead, we prepared boronic ester 2.2s, which was stable under atmospheric conditions. Addition 
of a THF solution of boronic ester 2.2s to a solution containing complex 2.1 at −30 °C resulted in 
the rapid consumption of both 2.1 and 2.2s, and two sets of two new signals (−118.6 ppm and 
−121.5 ppm; −118.9 and −121.8 ppm) were observed by 19F NMR in a 6:1 ratio. The chemical 
shift of the two new signals suggest they correspond to a mixture of Pd-O-B linked intermediates 
2.4s and 2.4s’ by analogy to catechol- and glycol-containing Pd-O-B complexes 2.4b and 2.4g. 
Finally, we explored the propensity of acyclic boronic esters to form pre-transmetalation 























2.2i: R = Me, Me
2.2r: R = Me, H







Figure 2.5. 19F NMR spectrum resulting from the combination of 1 equiv 2.1with 2 equiv 2.2s at −30 °C in THF. 1,2-
difluorobenzene included as internal reference standard. 
2.2.6 Reaction of [(i-Pr3P)(4-FC6H4)Pd(OH)]2 with Diisopropyl and Dimethyl 4-
Fluorophenylboronic Esters. 
2.2.6.1 Reaction using diisopropyl boronic ester. Following the established protocol, 1.0 
equiv/Pd of diisopropyl boronic ester 2.2f was combined with palladium complex 2.1 in THF at 
−78 °C followed by warming to −30 °C. 19F NMR spectroscopic analysis showed a ~50% 
conversion of the starting materials to two new species in a c.a. 50:50 ratio (Scheme 4). The first 
set of signals was assigned to complex 2.4f at −123.58 ppm (Fa) and −115.08 ppm (Fb). The second 
set of signals was assigned as complex 2.4f´ at −123.18 ppm (Fa‘) and −114.42 ppm (Fb‘) (Scheme 
2.4) Interestingly, allowing the reaction mixture to sit at −55 °C for ~1 h did not result in any 
further incorporation of diisopropyl boronic ester 2.2f into the dimeric palladium complex 
indicating that the system was at equilibrium. Warming the sample to −30 °C resulted in the 
formation of cross-coupling product 2.5, (Section 2.3.5.1). The observation of two intermediates 
with diisopropyl boronic ester 2.2f further supported our conclusion that pinacol boronic ester 2.2h 
was too sterically congested to form an adduct. Accordingly, the acyclic analog of the glycol 











































































Scheme 2.5. Formation of an 8-B-4 Complex with a Diisopropyl Boronic Ester. 
 
2.2.6.2 Reaction using dimethylboronic ester. The addition of a THF solution of dimethyl 
boronic ester 2.2e (1.0 equiv/Pd) to a THF solution of palladium complex 2.1 at −78 °C followed 
by warming to −55 °C resulted in the formation of two new complexes in a ratio of 60:40 as 
evidenced by the observation of two new sets of 19F NMR signals. The first set of signals at 
−121.58 ppm (Fa) and −118.85 ppm (Fb) was assigned to complex 2.4e. The second set of signals 
at −121.13 ppm (Fa‘) and −118.72 ppm (Fb‘) was assigned as complex 2.4e´ (Scheme 2.5).6 The 
observation of two complexes was surprising because only one dimethyl boronic ester complex 
was observed in THF/CH3OH (9:1) suggesting that excess methanol provides a pathway for the 
minor complex 2.4e’ to convert to complex 2.4e (Scheme 2.5).  




































































































































Table 2.3. 19F NMR Chemical Shifts (ppm) for 1,3,2-dioxaborapane and Acyclic Ester Pre-transmetalation Intermediates. 
entry ester complex (temp °C) Fa Fb Fa’ Fb’ 
1 
 
2.4s -30 −121.52 −118.59 −121.82 −118.91 
2 
 
2.4f −55 −123.58 −115.08 −123.18 −114.42 
3 
 
2.4e −55 −121.58 −118.85 −121.13 −118.72 
 
2.2.7 Summary of Section 2.2. 
Overall, the ability of boronic esters to form pre-transmetalation intermediates was determined 
for a set of boronic esters exhibiting a diverse range of steric and electronic properties. The results 
presented in Section 2.2 are summarized in Section 2.4.1, and the relationship between boronic 
ester structure and propensity to form pre-transmetalation intermediates is discussed in Section 2.6. 
Having established pre-transmetalation intermediate structure for a diverse set of boronic esters, 
the effect of boronic ester structure on transmetalation rate was examined. 
2.3 Kinetic Analysis of the Pre-transmetalation Complexes. 
To establish the effect of the boronic ester moiety on the rate of transmetalation, 8-B-4 
complexes were freshly generated in THF at −78 ºC followed by warming to the desired reaction 
temperature such that the evolution of their 19F NMR signals could be monitored. The formation 
of cross-coupling product 2.5 from stoichiometrically generated pre-transmetalation  intermediates 
followed clean, first-order behavior thus providing accurate values for k (Table 2).7 In contrast, 
boronic esters that did not stoichiometrically form pre-transmetalation intermediates upon 
combination with Pd dimer 2.1 do not exhibit first-order transmetalation kinetics.  Previously, 
arylboronic acid 2.2a was found to form cross-coupling product 2.5 at a rate of (5.78 ± 0.13 x 10−4 
s−1) (Table 2.4, entry 1).Error! Bookmark not defined. To allow for a straightforward 
comparison of the arylboronic ester substrates described below, the rates were normalized to the 















are instead compared graphically, by plotting together the graph of conversion vs time for several 
boronic esters, so as to compare their transmetalation rates qualitatively. 
2.3.1. Effect of Catechol Arylboronic Esters on the Rate of Transmetalation. 
2.3.1.1 Effect of catechol ester on the rate of transmetalation. Interestingly, catechol complex 
2.4b was found to undergo transmetalation ~4.3 times faster than the arylboronic acid complex 
2.4a, indicating that the catechol moiety is a contributing component in the transmetalation event 
(Table 2.4, entry 2).8 To probe the effects of the catechol residue, a series of electronically 
modulated catechol esters was investigated.  
2.3.1.2 Effect of tetrachlorocatechol ester on the rate of transmetalation. Upon generation of 
electron deficient tetrachlorocatechol 4-fluorophenylboronate complex 2.4d from 2.1 and 2.2d at 
−30 °C, no cross-coupling product 2.5 was formed. Therefore, to obtain a rate constant that could 
be compared at −30 °C, an Eyring analysis was performed over a range of higher temperatures (−5 
to 20 °C) which allowed for a k value to be extracted (1.30 ± 0.40 x 10−6 s−1) (Table 2.4, entry 3). 
The sluggish reactivity of 2.4d clearly demonstrated that the electron deficiency of the catechol 
ester moiety severely attenuated the migratory ability of the transmetalating aryl ring compared to 
complex 2.4b.  
2.3.1.3 Effect of dimethoxycatechol esters on the rate of transmetalation. Combining dimeric 
palladium complex 2.1 with 4,5-dimethyoxycatechol- and 3,6-dimethyoxycatechol 4-
fluorophenylboronic esters 2.2c and 2.2l, similar transmetalation rates were observed: (2.43 ± 0.54 
x 10−3 s−1) 2.2c and (3.34 ± 0.31 x 10−3 s−1) 2.2l respectively (Table 2.4, entries 4 and 5). Although 
both complexes reacted more rapidly than arylboronic acid complex 2.4a, the effective rate 
increase was only 4.20 and 5.78 respectively, suggesting that electron-donating substituents are 
less influential than electron-withdrawing substituents. The next line of investigation addressed 
boronate complexes derived from 5-membered ring-containing boronic esters (1,3,2-
dioxaaborolanes). 
2.3.2 Kinetics of transmetalation from 1,3,2-dioxaborolanes. 
2.3.2.1 Effect of glycol boronic ester on the rate of transmetalation. Warming a solution of 
glycol boronic ester complex 2.4g to −30 ºC provided a first order rate constant of k = 13.3  ± 0.70 
x 10−3 s−1 for the formation of cross-coupling product 2.5 (Table 2, entry 7). Remarkably, the glycol 
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boronic ester complex 2.4g transferred its aryl group ~23 times faster than the arylboronic acid 
complex 2.4a (~5.0 times faster than the catechol boronic ester complex 2.4b) indicating that the 
glycol moiety greatly influenced the rate of transmetalation.  
2.3.2.2 Effect of pinacol boronic ester on the rate of transmetalation. Although no pre-
transmetalation intermediates were observed when mixing pinacol boronic ester 2.2h with 
complex 2.1, the two react slowly at −30 °C to produce cross-coupling product 2.5. Attempts to 
measure the rate of formation of cross-coupling product 2.5 from the combination of pinacol ester 
2.2h with dimeric palladium complex 2.1 resulted in sigmoidal kinetic profiles (Figure 2.6). The 
sigmoidal kinetic profile makes quantitative comparison of the transmetalation rate from pinacol 
ester 2.2h and the transmetalation rate from 2.2a, 2.2b, and 2.2g impossible. However, the rates 
can be qualitatively compared. The transmetalation reaction between dimer 2.1 and pinacol 
boronic ester 2.2h required 4.5 h to reach full conversion at −30 ºC, demonstrating that pinacol 
boronic esters transmetalate substantially more slowly than boronic acids when mixed with 





Figure 2.6. Transmetalation from 1 equiv pinacol ester 2.2h (w.r.t Pd) at −30 °C in THF. Transmetalation profiles for B(OH)2 
2.4a (1 equiv w.r.t Pd, −30 °C) and B(gly) 2.4g (1 equiv w.r.t Pd, −30 °C) shown  for context. 
2.3.2.3 Effect of butane-2,3-diol boronic ester on the rate of transmetalation. Next, the rate of 
transmetalation from structural analogues of the pinacol and glycol esters 2.2h and 2.2g was 
examined. The combination of palladium dimer 2.1 with trans-butane-2,3-diol 2.2m (1.0 equiv 
w.r.t Pd) resulted in the evolution of cross-coupled product 2.5 at a much faster rate than that 
observed for the combination of pinacol ester 2.2h and dimer 2.1 (Figure 2.7). We attribute this 
rate increase to decreased steric interactions between the palladium complex and the boronic ester.  
Despite the low observed concentration of pre-transmetalation intermediate, the rate of cross-

























































Transmetalation rate from B(pin) ester 2.2h (1 equiv w.r.t  Pd)




Figure 2.7. Transmetalation reaction profile from 1 equiv trans-butane-2,3-diol boronic ester 2.2m (w.r.t Pd)  at −30 °C. 
Transmetalation reaction profiles of B(gly) 2.2g, and B(OH)2 2.2a (1 equiv, −30 °C) shown for reference. 
2.3.2.4 Effect of cis-cyclopentane-1,2-diol ester and cis-tetrahydrofuran-2,3-diol ester on the 
rate of transmetalation. Boronic ester 2.2m, derived from cis-cyclopentane-1,2-diol, reacted with 
palladium dimer 2.1 to give 2.5 at an intermediate rate, faster than the rate of transmetalation from 
boronic acid 2.2a, but slower than from glycol ester 2.2g (Figure 2.8). In analogy to our 
observations regarding pinacol ester 2.2h, we observed sigmoidal reaction kinetics with no signals 
consistent with a Pd-O-B intermediate appearing in the 19F NMR spectrum. In contrast, boronic 
ester 2.2o derived from cis-tetrahydrofuran-2,3-diol underwent transmetalation at a rate 
comparable to that observed the glycol boronic ester. No signals consistent with a Pd-O-B linked 
species were observed by 19F NMR when 2.1 and 2.2o were mixed at –30 °C − the only species 


























































Transmetalation rate from trans-butane-2,3-diol ester 2.2m
Boronic Acid Glycol (D/L)-butane-2,3-diol
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2.5. Whereas the reaction profile observed when 2.2n was mixed with 2.1 was clearly sigmoidal, 
little to no sigmoidal character was observed in the reaction profile when 2.2o was mixed with 2.1. 
This suggests the oxygen in 2.2o may facilitate the break-up of palladium dimer 2.1. 
 
Figure 2.8. Transmetalation reaction profile from 1 equiv boronic esters 2.2n and 2.2o (w.r.t Pd) at −30 °C. Transmetalation 
reaction profiles of B(gly) 2.2g, and B(OH)2 2.2a shown for reference. 
2.3.2.5 Effect of cis-cyclohexane-1,2-diol ester on the rate of transmetalation. The combination 
of Pd dimer 2.1 with 2.2p at −30 °C leads to the formation of two new compounds with 19F NMR 
resonances at chemical shifts consistent with Pd-O-B intermediates. Transmetalation from these 
new complexes is slower than formation of the intermediates 2.2g and 2.2b, but the rate constants 
of intermediate formation and consumption are close enough that the reaction does not exhibit 
first-order kinetics. The concentration of relevant species as the reaction progresses  is shown in 































X2.2n: X = CH2























Transmetalation rate from B(cyp), and B(THF) esters





Figure 2.9. Transmetalation reaction profile from 1 equiv boronic ester 2.2p (w.r.t Pd) showing concentration of cross-coupling 
product 2.5, Pd-O-B intermediates 2.4p and 2.4p’, and Pd dimer 2.1 vs. time. 
Overall, the rate of transmetalation is slower than that observed using glycol boronic ester 2.2g, 
but still faster than that observed using 4-fluorophenylboronic acid (2.2a) (Figure 2.10). 
Additionally, the rate at which Pd-O-B complex 2.4p is formed is also slower the rate observed 
for the formation of glycol-containing Pd-O-B complex 2.4g, which occurs rapidly at −70 ºC 
(Section 2.2.2.2). Although transmetalation remains the rate-determining step, these data 
demonstrate that in reactions between Pd dimer 2.1 and a boronic ester, the rate of Pd-O-B 

















































Transmetalation from pre-transmetalation complex 2.2p at −30 °C





Figure 2.10. Transmetalation reaction profile from 1 equiv boronic ester 2.2p (w.r.t Pd) at −30 °C in THF. Reaction profile for 
glycol 2.2g and boronic acid 2.2a (1 equiv, −30 °C) are included for reference. 
2.3.3 Kinetics of Transmetalation from Dioxaborinanes. 
Next, we examined the kinetics of transmetalation from 6-membered boronic esters (1,3,2-
dioxaborinanes). The reaction between neopentylboronic ester 2.2i and complex 2.1 at −30 °C also 
exhibited sigmoidal reaction kinetics, but transmetalation from neopentylboronic ester 2.2i was 
substantially faster than the reaction between boronic acid 2.2a and Pd dimer 2.1 (Figure 2.11). 
When 2-methylpropane-1,3-diol ester 2.2r was combined with complex 2.1 at −30 °C, the reaction 
rate was comparable to that observed for neopentyl glycol-derived ester 2.2g, and the kinetic 
profile became less sigmoidal in character. The reaction between propane-1,3-diol ester 2.2q and 
complex 2.1 is functionally identical to the reaction observed between 2-methylpropane-1,3-diol 


















































Transmetalation from pre-transmetalation complex 2.4p at −30 °C
Boronic Acid Glycol Cyclohexanediol
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The observation of increased rate in reactions containing 2.2q and 2.2r when compared to 2.2i 
suggests there is an unfavorable interaction between one  (but not both) of the methyl groups in 
neopentyl glycol ester 2.2i and the palladium dimer 2.1.  
 
 
Figure 2.11. Transmetalation reaction profile from 1 equiv boronic esters 2.2i, 2.2q, and 2.2r (w.r.t Pd) at −30 °C in THF. 
Reaction profile for glycol 2.2g and boronic acid 2.2a (1 equiv, −30 °C) are included for reference. 
2.3.4 Kinetics of Transmetalation from 1,3,2-Dioxaborepane 2.2s. 
When combined at −30 °C, boronic ester 2.2s and complex 2.1 react to form a new complex 
assigned as 2.4s by analogy to other Pd-O-B complexes. At −30 °C, the new complex 2.4s 
undergoes transmetalation to form cross-coupled product 2.5 with a first-order rate constant of 
1.45 ± 0.19 x 10-3 (Figure 2.12). Transmetalation from this complex occurs 2.51 times faster than 































2.2i: R = Me, Me
2.2q: R = Me, H


























Transmetalation rate from boronic esters 2.2i, 2.2q, and 2.2r




However, the rate of transmetalation was lower than all other alkyl diol-derived esters, and even 
most catechol-derived esters examined. 
 
 
Figure 2.12. Transmetalation reaction profile from 1 equiv boronic ester 2.2s (w.r.t Pd) at −30 °C in THF. Transmetalation 
reaction profiles of B(gly) 2.2g, B(neop) 2.2i, and B(OH)2 2.2a shown for reference. 
Finally, the rate of transmetalation from Pd-O-B complexes incorporating acyclic boronic 
esters was examined. 
2.3.5. Effect of Acyclic Boronic Esters on the Rate of Transmetalation. 
 2.3.5.1 Effect of the diisopropyl arylboronic ester on the rate of transmetalation. Preparing 
diisopropyl complex 2.4f from 2.2f and 2.1 at −30 °C resulted in the observation of cross-coupling 
product 2.5 at k = 8.24  ± 0.16 x 10−4 s−1 which was only slightly faster (1.42) than the arylboronic 





















































Transmetalation rate from pre-transmetalation complex 2.2s at 30 °C
Boronic Acid Glycol Neopentyl Glycol xylenediol
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concentration of complex 2.4 (rate = kobs[A]), the incomplete formation of 2.4f in the pre-
equilibrium (see Section 2.2.6.1) may contribute to the diminished rate. Thus, our investigations 
shifted  to dimethylboronic ester 2.2e, which forms intermediates quantitatively.   
2.3.5.2. Effect of the dimethyl arylboronic ester on the rate of transmetalation. Formation of 
cross-coupling product 2.5 from dimethyl boronic ester complex 2.4e resulted in the observation 
of 21-fold rate increase compared to the arylboronic acid complex 2.4a (Table 2.4, entry 8) 
suggesting that the conformational restriction imposed by the glycol boronic ester was not a 
significant contributor the observed rate enhancement.  
The observed acceleration of the transmetalation step with simple aliphatic esters (compared 
to the parent boronic acid) is clearly arising from a combination of factors because both electron 
deficient (catechol) and electron rich (glycol) esters led to increased rates. Therefore, to gain 
further insight into the influence of the Lewis basicity of the boronate oxygen atoms on the 
transmetalation rate, electron deficient boroxine 2.2j and a-hydroxy isobutyrate 4-
fluorophenylboronic ester 2.2k were examined next.  
 2.3.6 Effect of Boroxine and a-Hydroxyisobutyrate Boronic Ester on the Rate of 
Transmetalation. 
2.3.6.1 Effect of boroxine on the rate of transmetalation. Following the standard protocol, the 
addition of boroxine 2.2j to dimeric complex 2.1 resulted in the formation of cross-coupling 
product 2.5 at a rate of 5.39 ± 0.07 x 10−3 s−1. Intriguingly, while a discrete intermediate was not 
observed the rate was ~9.33 times faster than the arylboronic acid complex 2.4a (Table 2, entry 
9).9 
2.3.6.2 Effect of hydroxyisobutyrate ester on the rate of transmetalation. Next, upon 
combination of a-hydroxyisobutyrate boronic ester 2.2k with complex 1 at −78 °C a new complex 
2.4k was observed. Warming 2.4k to −30 °C resulted in the formation of cross-coupling product 
5 with first order rate constant of 2.26 ± 0.31 x 10−4 s−1. Whereas this complex reacted more slowly 
(krel = 0.39) than arylboronic acid 2.2a, it was considerably faster than the pinacol ester 2.2h.  
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2.3.7 Effect of Boronic Ester Concentration on the Rate of Transmetalation. 
2.3.7.1 Effect of pinacol boronic ester concentration on the rate of transmetalation. Because no 
Pd-O-B intermediate is observed when pinacol ester 2.2h and Pd dimer 2.1 are combined at −30 °C, 
it is reasonable to assume that the rate of reaction is dependent on the concentration of boronic 
ester. The effect of boronic ester concentration on reaction rate is particularly relevant to 
preparative Suzuki-Miyaura reactions, wherein the boron reagent is present in great excess relative 
to the palladium catalyst. To explore this regime, 1 equiv of Pd dimer 2.1 was combined with 20 
equiv pinacol boronic ester 2.2h (10 equiv w.r.t. Pd) at −30 °C (Figure 2.13). A drastic increase in 
the reaction rate is observed, clearly demonstrating a rate dependence on the concentration of 
boronic ester. These data demonstrate that for some boronic esters, the reaction between Pd dimer 
2.1 and a boronic ester to form a pre-transmetalation intermediate is highly relevant to the overall 
rate of transmetalation. In the presence of 10 equiv pinacol boronic ester 2.2h (w.r.t. Pd), the rate 
of reaction approaches that observed for the reaction between Pd dimer 2.1 and 4-
fluorophenylboronic acid 2.1a. Given that monomeric, monoligated palladium hydroxide 
complexes spontaneously dimerize, the breakup of these dimers by a boron reagent may play a 





Figure 2.13. Transmetalation from 10 equiv pinacol ester 2.2h (w.r.t Pd) at −30 °C in THF. Transmetalation profiles for B(pin) 
2.2h, B(OH)2 2.2a and B(gly) 2.2g (1 equiv, −30 °C) shown  for context. 
2.3.7.2 Observation of possible pre-transmetalation intermediate incorporating pinacol. Over 
the course of the reaction between 1 equiv 2.1 and 20 equiv 2.2g at −30 °C, new resonances 
appeared in the 19F NMR spectrum at −123.7 ppm and −119.3 ppm. Although the low intensity of 
the new species makes drawing definitive conclusions difficult, it is possible these resonances 
represent a Pd-O-B intermediate formed from pinacol ester 2.2h and Pd dimer 2.1 by analogy to 
other such complexes. The mechanistic relevance of the species associated with these resonances 
is supported by a correlation between the rate of reaction and the intensity of the signals. These 
data suggest that even when no Pd-O-B complex is observed by NMR spectroscopy upon mixing 
























































Transmetalation rate from BPin ester 2.2h (10 equiv w.r.t. Pd)
Boronic Acid Glycol Pinacol Pinacol - 10 equiv
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energies along the reaction coordinate are unfavorable to the observation of such an intermediate 
using NMR. 
2.3.7.3 Effect of glycol boronic ester concentration on the rate of transmetalation. As a control 
experiment, 1 equiv Pd dimer 2.1 was combined with 20 equiv glycol boronic ester 2.2g (10 equiv 
w.r.t. Pd) and the rate of reaction was monitored by 19F NMR. No dependence of reaction rate on 
the concentration of boronic ester was observed (Figure 2.14). This is consistent with the 
observations that glycol boronic ester 2.2g and Pd dimer 2.1 react rapidly and completely to form 
intermediate complex 2.4g, and demonstrates that the boronic ester does not play a role beyond 
forming 2.4g in the transmetalation reaction. 
 
Figure 2.14. Transmetalation from 10 equiv glycol ester 2.2g (w.r.t Pd) at −30 °C in THF. Transmetalation profiles for B(gly) 
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Transmetalation rate from pre-transmetalation complex  2.4g (1 
equiv or 10 equiv ester 2.2g w.r.t. Pd)
Glycol Glycol (10 equiv)
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2.3.7.4 Effect of neopentyl boronic ester concentration on the rate of transmetalation. Whereas 
these studies thus far focused on rate of transmetalation, there are other factors that relate to how 
useful an organoboron reagent is for preparative reactions. To improve upon the state of the art, 
rate-accelerating boronic esters must be identified that are low cost, easily accessible, and 
chemically robust against hydrolysis and decomposition. Because neopentyl glycol meets these 
criteria, the rate of transmetalation in the presence of excess boronic ester was sought, given that 
a large excess of boronic ester is present in a preparative Suzuki-Miyaura reaction. The 
combination of Pd dimer 2.1 with 10 equiv neopentyl boronic ester 2.2i resulted in extremely rapid 
formation of cross-coupling product 2.5 (Figure 2.15)   
 
 
Figure 2.15. Transmetalation reaction profile from 10 equiv neopentyl boronic ester 2.2i (w.r.t Pd) at −30 °C in THF. 


























































Transmetalation rate from B(neop) ester (10 equiv w.r.t Pd) at −30 °C
Boronic Acid Glycol Neopentyl Glycol Neopentyl Glycol (10 equiv)
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2.3.7.5 Hypothesis regarding the observation of sigmoidal kinetic profiles. The observation of 
sigmoidal kinetic profiles suggests that one of the reaction products was influencing the rate of 
transmetalation. One possible explanation is that following transmetalation, the borate by-product 
2.7 breaks the Pd-(µOH)-Pd bond in dimeric palladium complex 2.1 to form a new complex 2.9 
which provides a pathway for the arylboronate ester 2.2 to bind T-shaped complex 2.10 (Figure 
2.16)10  
 
Figure 2.16. Proposed mechanism of cross-coupling formation with pinacol ester 2.2h  and dimeric palladium complex 2.1 
2.3.8 Summary of Derived Rate Constants. 
All first order rate constants measured for transmetalation from pre-transmetalation complexes 
2.4 are summarized in a table below (Table 2.4). These results are further summarized in Section 
2.4.2 and discussed in Section 2.6. 
Table 2.4. Effect of the Arylboronic Ester on the Rate of Transmetalation. 
 
entry substrate complex aform k, 10−3 s−1 krel 
1 2.2a 2.4a 0.578 ± 0.013 1.00 
2 
2.2b 






































































Table 2.4. (Cont.) 
3 
2.2c 
2.4c 0.0013  ± 0.0004 0.0022 
4 
2.2d 
2.4d 2.73 ± 0.54 4.20 
5 
2.2l 
2.4l 3.34 ± 0.21 5.78 
6 
2.2f 
2.4f 0.824 ± 0.016 1.42 
7 
2.2g 
2.4g 13.3  ± 0.7 23.01 
8 2.2e 2.4e 12.4 ± 0.2 21.45 
9b 
2.2j 
2.4j 5.39 ± 0.07 9.33 
10 
2.2k 
2.4k 0.226 ± 0.031 0.39 
11 
2.2s 
2.4s 1.45 ± 0.19 2.51 
a Average of triplicate runs.   
2.4 Summary of Experimental Results. 
2.4.1 Effect of Boronic Ester Structure on Speciation of Pre-transmetalation Intermediates. 
To summarize the experimental data, the speciation of pre-transmetalation intermediates was 
explored by combining Pd dimer 2.1 with a series of catechol esters, 1,3,2-dioxaborolanes, 1,3,2-









































catechol esters 2.2b, 2.2c, 2.2d, and 2.2l were combined with Pd dimer 2.1, pre-transmetalation 
intermediates were formed stoichiometrically and rapidly. 
Pre-transmetalation intermediate speciation was highly dependent on ester structure when 
intermediates were generated from 1,3,2-dioxaborolanes (Section 2.2.3, Table 2.2). Two 1,3,2-
dioxaborolanes readily formed pre-transmetalation intermediates when combined with 2.1 (glycol 
ester 2.2g, cis-cyclohexanediol ester 2.2p). Two 1,3,2-dioxaborolanes formed pre-transmetalation 
intermediates that appear to exist in equilibrium with the starting components (cis-THF-2,3-diol 
ester 2.2o, trans-butane-2,3-diol ester 2.2m).  The sterically congested pinacol ester 2.2h did not 
readily form pre-transmetalation intermediates, even when an excess of boronic ester was used. 
In contrast, 1,3,2-dioxaborinanes (propane-1,3-diol ester 2.2q, 2-methylpropane-1,3-diol 2.2r, 
and neopentyl glycol 2.2i) uniformly failed to form substantial quantities of pre-transmetalation 
intermediates. 1,3,2-Dioxaborapane 2.2s readily formed complex 2.4s upon combination with Pd 
dimer 2.1. Pd dimer 2.1 also reacted rapidly and completely with dimethyl ester 2.2e to form 
complex 2.4e, but the more sterically encumbered diisopropyl ester 2.2f formed pre-
transmetalation intermediates that exist in equilibrium with the starting components. 
2.4.2 Effect of Boronic Ester Structure on Transmetalation Rate. 
Boronic ester structure also had drastic effects on the rate of transmetalation. Whereas pre-
transmetalation intermediates derived from catechol and di-methoxycatechol boronic esters 2.2b, 
2.2d, and 2.2l underwent transmetalation moderately quickly, electron deficient, 
tetrachlorocatechol ester-derived intermediate 2.2c underwent transmetalation extremely slowly. 
Transmetalation rates among 1,3,2-dioxaborolanes were varied, with highly encumbered esters 
generally reacting more slowly. Glycol ester 2.2g, cis-tetrahydrofuran-2,3-diol ester 2.2o, and 
trans-butane-2,3-diol ester 2.2m underwent transmetalation very quickly. cis-cyclopentane-1,2-
diol 2.2n and cis-cyclohexane-1,2-diol 2.2p underwent transmetalation at a moderate rate, and 
pinacol ester 2.2h underwent transmetalation slowly. Within 1,3,2-dioxaborinanes, both propane-
1,3-diol ester 2.2q and 2-methyl-propane-1,3-diol ester 2.2r underwent transmetalation quickly, 
and neopentyl glycol ester 2.2i underwent transmetalation at a moderate rate. 1,3,2-Dioxaborapane 
ester 2.2s underwent transmetalation at a moderate rate. Among acyclic esters, dimethyl ester 2.2e 
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reacted quickly, and the more encumbered diisopropyl ester 2.2f reacted slowly, at a rate 
comparable to that of transmetalation from the boronic acid 2.2a.  
2.4.3 Effect of Temperature and Ester Stoichiometry on the Kinetic Profile of Transmetalation. 
In transmetalation reactions from pre-formed Pd-O-B complexes, increasing the concentration  
of boronic ester has no effect on the rate of transmetalation (Figure 2.14). For boronic esters that 
do not readily form pre-transmetalation intermediates upon combination with dimer 2.1, increasing 
the concentration of boronic ester increases the rate of transmetalation (neopentyl glycol ester 2.2i, 
pinacol ester 2.2h). Decreasing the reaction temperature generally results in an increased 
equilibrium concentration of Pd-O-B intermediate.  
Taken together, it is clear that multiple features of the boronic ester are responsible for the rate 
of aryl migration and equilibrium concentration of Pd-O-B intermediate. Three primary factors 
can be identified: (1) the ease of rehybridization of the boron atom which in turn is affected by the 
steric accessibility, electrophilicity, and angular distortion of the boron atom, (2) the ease of 
formation of a coordinatively unsaturated palladium complex which in turn is affected by the 
Lewis basicity and steric demand of the oxygen atoms, and (3) migratory aptitude of the aryl group 
which in turn is also affected by the Lewis basicity of the oxygen atoms, but with inverse 
dependence compared to factor 2. To better understand the influence of boronic ester structure on 
transmetalation rate, a DFT study was conducted by Dr. Andrew Zahrt. 
2.5 Computational Analysis of the Reaction Profiles.  
2.5.1 Previous Computational Studies on the Suzuki-Miyaura Reaction. 
 Palladium catalyzed cross coupling reactions have been extensively studied by a variety of 
computational methods.11,12 A forgoing computational study has evaluated monoligated structures 
similar to ours as intermediates in the Suzuki-Miyaura cross-coupling.13 In this study, the authors 
were able to predict the presence of the pre-transmetalation intermediate we have experimentally 
observed, as well as predict the correct operative pathway. This study differed from our own in 
that the authors examine a triphenylphosphine ligated system, for which they predicted the rate 
determining step to be Pd-O bond breakage in the monoligated species rather than transmetalation. 
The energy difference from the monoligated Pd-O-B linked structures and the transmetalation 
transition structure was calculated to be 7.4 kcal/mol, much lower than what has been calculated 
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in this triisopropylphoshine ligated system. In order to achieve optimal results, we chose to survey 
of many functionals and employ a triple-zeta basis set to accurately reproduce the experimental 
thermochemical values. The LC-ωPBE functional was found to best replicate the experimental 
results. 
2.5.2 Computational Methods and Nomenclature.  
To gain further insight into the influence of the boronic ester moiety on the relative rates of 
transmetalation, the energy profiles for the boronic acid, the catechol ester, and the glycol ester (4, 
8, and 19) were examined computationally. The structures were optimized at the B3LYP-
D3(BJ)/6-31G(d,p)/LANL2DZ level of theory, with energy calculations performed at the LC-
wPBE/Def2-TZVP level of theory with the CPCM solvation model (see the Supporting 
Information for complete description of computational details). Further, a more rigorous treatment 
of conformational analysis combined with a higher level of theory, compared to our previous 
publication,2 yielded computationally derived activation parameters in very close agreement with 
the experimental data.14 
 The energy profiles for the boronic acid, the catechol boronic ester, and the glycol boronic 
ester share common features and therefore a common nomenclature system has been devised. The 
monomeric palladium complexes with two Pd-O-B linkages are designated as reactants (React). 
The two different pathways by which Pd-O-B linkage is broken are uniquely defined, such that the 
pathway in which the scissile Pd-O bond is trans to the phosphine ligand is called “TP” and the 
pathway in which the scissile Pd-O bond is trans to the aryl ligand is called “TA”. The transition 
structures (InterTS) corresponding to the Pd-O bond breaking event are designated InterTS-T(P/A). 
These transition structures lead to the pre-transmetalation intermediates, which are designated as 
inter-T(P/A). From here, the transmetalation transition structures (TS) are designated as TS-T(P/A), 
and the products are named Prod-cis or Prod-trans, wherein cis and trans refers to the relative 
positions of the aryl ligands in the palladium coordination sphere.  
2.5.3 Boronic Acid Energy Profile.  
Qualitatively, the computational results for the reaction profile for 2.4a-React agree with our 
previously published data (Figure 2.17). Because of the trans influence at palladium,15 the oxygen 
ligands trans to the phosphine ligand and trans to the aryl ligand are nonequivalent. The Pd-O 
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bond distance trans to the more strongly σ-donating aryl ligand is 2.204 Å, while the Pd-O bond 
distance trans to the more weakly donating phosphine ligand is 2.175 Å (Figure 2.18). 
 
Figure 2.17.  Calculated free energies for the reaction profile of boronic acid complex 2.4a. 
 
Figure 2.18. Non-equivalent Pd-O bond lengths in 2.4a-React. 
The transition state in which the Pd-O bond trans to the phosphine ligand (2.4a-InterTS-TP) 
breaks is 2.16 kcal/mol lower in energy than 2.4a-InterTS-TA, in which the Pd-O bond trans to the 
aryl ligand breaks. The movement associated with this transition barrier is a concerted Pd-O 
cleavage with pre-coordination of the migrating aryl group toward the palladium atom in a dihedral 
movement. As the TA pathway proceeds down this reaction coordinate, an unfavorable interaction 

















































































such interaction, resulting in a lower energy barrier. This destabilizing interaction is also present 
in the pre-transmetalation intermediates (Figure 2.19) − the more stable 2.4a-inter-TP structure 
(6.98 kcal/mol) has a shorter Pd-Cipso distance of 2.432 Å (where Cipso is the ipso carbon of the 
boronate) than the 2.4a-inter-TA structure (11.69 kcal/mol, 2.604 Å), reflecting the disruption of 
this favorable interaction in the latter.  
   
Figure 2.19: The attenuated Pd-O ipso interaction in 2.4a-inter-TA (right) compared with 2.4a-inter-TP (left). 
In agreement with our previously published results, the location of transition structures for 
transmetalation indicates that the TP pathway is operative. The calculated barrier height DG‡ = 
17.33 kcal/mol is in close agreement with the experimentally measured barrier DG‡ = 17.7 
kcal/mol at 243 K. In addition, rigorous conformational analysis of the triisopropylphosphine 
ligand revealed that the TA pathway is lower in energy than previously calculated (22.34 kcal/mol 
vs. 25.06 kcal/mol). This accuracy suggests that the energies that cannot be measured 
experimentally (e.g. InterTS barriers, energies of intermediates) are also more reliable in these new 
calculations. Finally, calculations of steps after transmetalation were not performed, as they are 
after the rate determining step and therefore are not kinetically relevant.  
2.5.4 Catechol Ester Energy Profile. 
The energy profile for the catechol ester (Figure 2.20) begins with two possible reactants − one 
in which the hydroxyl group is trans to the aryl ligand (2.4b-React-TP), and one in which the 
hydroxyl group is trans to the phosphine ligand (2.4b-React-TA) (Figure 2.21). 2.4b -React-TP 
was calculated to be 1.19 kcal/mol lower in energy than 2.4b -React-TA. As the hydroxyl ligand is 
likely a better sigma donor than the ester-oxygen owing to delocalization into the aromatic ring in 


















thermodynamically stable due to the trans influence. This is contrary to what is observed 
computationally, and it is likely that 2.4b-React-TA is higher in energy because of an unfavorable 
steric interaction between the catechol ring the phosphine ligand despite the electronically more 
favorable ligand arrangement. However, the trans influence is still  
 
Figure 2.20. Calculated free energies for the reaction profile of catechol ester complex 9. 
observable in the interatomic distances of the two Pd-O bonds. In 2.4b-React-TP, the Pd-O 
distance for the ester-oxygen trans to the phosphine ligand is 2.19 Å, whereas the hydroxyl-oxygen 
distance is 2.23 Å. Similarly, in 2.4b-React-TA, the hydroxyl-oxygen trans to the phosphine ligand 
has is 2.21 Å from the palladium atom, whereas the ester-oxygen is 2.28 Å from the palladium 
atom.  
   










































































































As in the boronic acid pathway, the 2.4b-InterTS-TA barrier (6.86 kcal/mol) is 2.5 kcal/mol 
higher in energy than the 2.4b-InterTS-TP barrier (4.36 kcal/mol), again resulting from the 
incipient unfavorable steric interaction in the 2.4b-InterTS-TA transition state which is absent in 
the 2.4b-InterTS-TP transition state. However, both barriers are much lower in energy than their 
analogs in the boronic acid energy profile, likely arising from the relatively weaker Pd-O 
interaction of the catechol ester oxygen again owing to the delocalization of the lone pairs into the 
adjacent aromatic ring. The 2.4b-inter-TP structure is 1.47 kcal/mol more stable than 2.4b-inter-
TA, again resulting from the unfavorable interaction between the boronate aryl group and the 
phosphine in the latter, but is only 1.95 kcal/mol less stable the 2.4b-React-TP. The unfavorable 
steric interaction in 2.4b-inter-TA causes a longer Pd-Cipso interatomic distance in 2.4b-inter-TA 
than in 2.4b-inter-TP (2.660 Å and 2.501 Å, respectively, Figure 2.22). 
  
Figure 2.22. 2.4b-Inter-TP (left) and 2.4b-Inter-TA (right). 
In the catechol boronic ester profile as well, the TP pathway (DG‡ = 16.59 kcal/mol calculated, 
DG‡ = 17.04 kcal/mol measured at 243 K) is operative, as the barrier to transmetalation for 2.4b-
TS-TP is 2.94 kcal/mol lower in energy than that for the 2.4b-TS-TA pathway (DG‡ = 19.23 
kcal/mol).  
2.5.5 Glycol Ester Energy Profile. 
 The energy profile for the glycol boronic ester also begins with two possible reactants, once 
again with the hydroxyl group either trans to the aryl ligand or the phosphine ligand. As expected, 
the trans influence in both 2.4g-React-TP and 2.4g -React-TA is observable (Figure 2.23). In 2.4g-


















phosphine ligand is 2.177 Å, whereas the hydroxyl-oxygen −palladium distance is 2.205 Å (Figure 
2.24). These metrics follow the same trend in 2.4g-React-TA, such that the OH-Pd distance trans 
to the phosphine ligand 2.176 Å and the RO-Pd distance is 2.214 Å. In this case, the bond distances 
indicate that the ester-oxygen is a more weakly binding ligand for palladium. This observation 
suggests that the energy differential between 2.4g-React-TA and 2.4g-React-TP of 0.97 kcal/mol 
is likely ascribable to the steric interaction between the glycol ester moiety and the 
triisopropylphosphine in 2.4g-React-TA.  
 























































































Figure 2.24. 2.4g-React-TP (left) and 2.4g-React-TA (right). 
The patterns for the relative energies of 19-InterTS-TA and, 19-InterTS-TP are similar to the 
previous cases, and the same rationales hold. Thus, 19-inter-TP exhibits a closer Pd-Cipso 
interaction (2.475 Å), whereas this interaction in 19-inter-TA is attenuated by the steric interactions 
with the phosphine ligand (Pd-Cipso interaction of 2.638 Å, Figure 2.25). 
 
Figure 2.25. 2.4g-inter-TP (left) and 2.4g-inter-TA (right). 
Here again, the 2.4g-TS-TP pathway is operative; the transition structure for transmetalation, 
DG‡ = 16.02 kcal/mol, is very close to the experimentally observed value of DG‡ = 16.20 kcal/mol 
at 243 K. The 2.4g-TS-TA transition state is calculated to be higher at DG‡ = 18.96 kcal/mol.  
 2.5.6. Comparison of Energy Profiles. The values for the experimentally measured 
activation energies have been reproduced computationally with striking accuracy. Thus, it is 


































transmetalation for different boronates. According to our current hypothesis, three factors are 
responsible for the overall rate of reaction: (1) the ease of rehybridization of the boron atom, (2) 
the ease of formation of a coordinatively unsaturated palladium complex, and (3) migratory 
aptitude of the aryl group. Because all three precursors 2.2a, 2.2b, and 2.2g formed their respective 
8-B-4 complexes 2.4a, 2.4b, and 2.4g quantitatively, the contribution from factor (1), to a first 
approximation can be considered negligible. Factors (2) and (3) are primarily governed by the 
Lewis basicity of the boronate oxygen atoms which contribute to the energy of the reactant 
structure through modulation of the Pd-O interaction, and the delocalization of electron density to 
the ipso carbon of the migrating aryl group.  All other factors being equal among the three systems 
(i.e. steric contributions, solvation) the interplay between these two factors is responsible for the 
relative rates of transmetalation. The discussion in this section is limited to only the TP structures, 
as they are on the operative pathway in all energy profiles.  
To facilitate the comparison of the three profiles, they have been combined in a single chart 
approximately to scale (Figure 2.26). This view allows a clear analysis of the energetic 
requirements of the transmetalation elementary step. However, because the two key factors under 
consideration are the migratory aptitude of the aryl moiety and the stability of the intermediate, a 
more informative presentation of these comparisons involves normalization of the energies to the 




Figure 2.26. Comparison of the energy profiles for 2.4a, 2.4b, and 2.4g.  
 































































































































































































































contributions of the boronate ester oxygen atoms on the reactant energy and the migratory 
aptitude of the aryl ring are more clearly presented and can facilitate a better understanding of 
these contributions to the overall rate of the reaction. 
The characteristics that point to the energy of the reactant structure as a deciding factor are: (1) 
the interatomic distances of the Pd-O interactions (wherein O is the oxygen atom involved in the 
InterTS-TP bond-breaking event), (2) the energies of the transition structures that break those 
interactions, i.e. InterTS-TP, and (3) the energies of the React-TP and Inter-TP structures.  
First, as bond distance often reflects bond strength, the relative Pd-O bond lengths can be used 
as a metric of the strength of the Pd-O interaction. In the series of profiles examined, the boronic 
acid and the glycol ester have the shortest Pd-O distances (2.175 Å, 2.177 Å, resp.), followed by 
the catechol ester (2.189 Å). Assuming that bond length and bond energy are closely related, it is 
likely that this trend also mirrors the stabilization of the complex according to the donicity of the 
bound oxygen, i.e. acid ~ glycol > catechol as seen in Figure 16. Secondly, the relative energy 
barriers of the Pd-O breaking events are also a metric of the strength of this interaction. The relative 
energies of the InterTS-TP barriers are boronic acid (10.41 kcal/mol) > glycol ester (8.34 kcal/mol) 
> catechol ester (4.36 kcal/mol). This trend is consistent with the previous analysis, in that the 
weakest Pd-O interaction (catechol ester) is the most easily dissociated, followed by the glycol 
ester, and then the boronic acid. Third, the energies of the pre-transmetalation intermediates (inter-
TP and inter-TA structures) directly reflect the stability of these species. The intermediate 
structures all contain four bonding interactions to palladium: (1) the C-Pd s-bond to the aryl 
residue, (2) the P-Pd bond to the phosphine ligand, (3) the O-Pd bond to the boronate, and (4) the 
Cipso-Pd interaction to the migrating arene. These intermediate structures are energetically more 
similar to one another than the corresponding reactant structures, therefore the energy differentials 
between the intermediates and the reactants reflect reactant destabilization (Figure 2.26). For 
example, the 2.4a-React-TP structure is 6.98 kcal/mol lower in energy than 2.4a-Inter-TP, whereas 
the 2.4b-React-TP structure is only 1.95 kcal/mol lower in energy than 2.4b-Inter-TP (Figure 2.27). 
Therefore, the energetic penalty to form the pre-transmetalation complex for the boronic acid is 
5.03 kcal/mol greater than the energetic penalty encountered by the catechol ester. As a result, the 
overall barrier for transmetalation for the boronic acid is greater than for the catechol ester (Figure 
2.26). Interestingly, analysis of the glycol ester and catechol ester energy profiles leads to a 
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different conclusion. The glycol ester experiences an energetic penalty of 3.33 kcal/mol to form 
the pre-transmetalation complex, 1.38 kcal/mol more than that encountered by the catechol ester 
(Figure 2.27). However, that difference is not consistent with the relative rates of transmetalation 
of the two esters. Therefore, a second factor influencing the elementary step of transmetalation 
must be considered to achieve a complete understanding of the individual contributions to the 
overall energy barrier.  
The elementary step of transmetalation was defined above as the energy differential between 
the pre-transmetalation complexes (inter-TP) and the respective TS-TP structures. The catechol 
ester displays the largest barrier for this elementary step (14.64 kcal/mol), followed by the glycol 
ester (12.69 kcal/mol), and finally the boronic acid (10.33 kcal/mol, Figure 2.27). However, as 
noted previously, the boronic acid has highest overall barrier (and experimentally is the slowest of 
the three, Figure 2.26) despite having the lowest energetic attribution for this elementary step. The 
magnitude of the energy barrier for this step is related to the migratory aptitude of the ipso-carbon 
of the boronate moiety. In the case of the boronic acid, the hydroxyl units are free to rotate to 
provide optimal overlap with the σ*B-C orbital (negative hyperconjugation),16 thereby activating 
the arene for migration by increasing the electron density on this carbon.17 This hyperconjugative 
activation is diminished slightly in the case of the glycol ester, as the geometric constraint induced 
by the five-membered ring distorts the overlap angle. Moreover, the five member ring enforces an 
anomeric effect in which the oxygen atoms of the glycol enjoy overlap with the opposing σ*B-O 
orbital, leading to less activation of the migratory arene with compared to the boronic acid. As a 
result, the elementary step for transmetalation in the glycol ester is less facile than for the boronic 
acid. Another possible contribution to this energy barrier is the torsional strain in the 2.4g-TS-TP 
structure between the hydrogens of the glycol ester resulting from the planarization of the five 
member ring (dihedral angles for the vicinal hydrogens are 27.28º and 26.71º). The catechol ester 
activates the migrating arene the least, as the electron density on the oxygens is delocalized through 
the adjacent aromatic system. This trend in migratory aptitude is reflected in the B-Cipso distance 
of the pre-transmetalation intermediates; the boronic acid has the longest B-Cipso bond (1.656 Å), 
the glycol ester has the second longest (1.635 Å), and the catechol ester has the shortest (1.626 Å) 
bond length. In this analysis, bond length can correlate with bond strength, which is inversely 




Figure 2.28. Transition state structures 2.4a-TS-TP, 2.4b-TS-TP, and 2.4g-TS-TP.  
By combining the above observations, it can be postulated that the relative overall energy 
barriers of transmetalation are a direct result of the interplay between reactant destabilization (Erd) 
and the migratory aptitude of the transmetalating aryl group (Etm). This gives the following 
simplified expression for the activation energy (Eact): 
𝐸"#$ = 	𝐸'( + 𝐸$*  
Because both of these factors are ultimately affected by the Lewis basicity of the boronate 
oxygens and they are inversely related. For example, more Lewis basic oxygens are capable of 
stabilizing the reactant through the Pd-O interaction which leads to a higher activation barrier for 
dissociation and a less stable pre-transmetalation intermediate thus disfavoring the generation of 
this intermediate. However, more Lewis basic oxygens can also increase the hyperconjugative 
activation of the migrating arene thus lowering the barrier to the elementary transmetalation event. 
The inverse relationship between Erd and Etm has curious consequences. By virtue of having more 
Lewis basic hydroxyl groups, the boronic acid minimizes Etm, but the energy penalty encountered 
in the Erd term results in the boronic acid having the highest Eact. The catechol ester has the lowest 
energy penalty Erd, but the resulting increase in Etm offsets that advantage such that Eact is not a 
minimum. Finally, the glycol ester has the optimal balance of Erd and Etm of the esters examined, 





















2.6 Effects of Rehybridization Energy on Pre-transmetalation Intermediate Speciation and 
Transmetalation Rate. 
The computational studies discussed in Section 2.5 clearly demonstrate the effect of Lewis 
basicity on both the barrier to formation of an coordinatively unsaturated Pd species, and on the 
barrier to arene transfer. Finally, we will discuss the effects of boronic ester structure on the 
kinetics and thermodynamics of Pd-O-B intermediate formation. In many cases, the combination 
of Pd dimer 2.1 with a boronic ester did not result in an observable Pd-O-B intermediate. It is 
likely that when no Pd-O-B intermediate is observed, it is because the relevant React-TP structure 
is higher in energy than the component boronic ester and Pd dimer 2.1.  Empirically, the 
destabilization of React-TP relative to the starting materials is dependent on (1) the steric 
encumbrance about the boron atom, and (2) the ring size of the boronic ester. 
The effect of steric encumbrance on the equilibrium between starting materials and React-TP 
is demonstrated by the trends in speciation within 1,3,2-dioxaborolanes. Glycol boronic ester 2.2g 
reacts rapidly and stoichiometrically with Pd dimer 2.1 to form React-TP intermediate 2.4g at 
temperatures ranging from −30 °C to −70 °C. In contrast, the more encumbered trans-butane-2,3-
diol ester 2.2m is in equilibrium with React-TP intermediate 2.4m when combined with Pd dimer 
2.1 at −55 °C. Finally, the equilibrium between pinacol ester 2.2h and React-TP intermediate 2.4h 
is highly unfavorable, with only low concentrations of 2.4h observed in the presence of 10 equiv 
pinacol ester 2.4h w.r.t. Pd.  
It is noteworthy that a lower equilibrium concentration of React-TP intermediate does not 
necessarily correlate with a lower overall rate of transmetalation. Several 1,3,2-dioxaborolanes, 
namely trans-2,3-butanediol ester 2.2m and cis-tetrahydrofuran-2,3-diol ester 2.2o, react at a rate 
comparable to that observed for glycol boronic ester 2.2g, despite having lower equilibrium 
concentrations of React-TP intermediates 2.4m/2.4o. Given that (1) the rate is dependent on the 
overall ∆G between the lowest intermediate and the highest transition state on the energy surface, 
(2) the glycol React-TP complex is downhill relative to its component starting materials, (3) the 
butanediol and THF React-TP complexes are uphill relative to their component starting materials, 
and (4) the overall rate (and therefore ∆G) is comparable for reactions of the three esters, we can 
conclude the ∆G between React-TP and the transmetalation barrier is lower for butanediol and 
THF esters than for glycol boronic ester 2.4g. An illustrative, non-quantitative energy diagram 
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depicting this scenario is shown in Figure 2.29, with all energies normalized to React-TP. We 
hypothesize that the rehybridization energy also influences the barrier to arene transfer by 
eliminating any unfavorable steric interactions between the Pd complex and the boronic ester 
incurred during the formation of React-TP.   
 
Figure 2.29 − Energy diagram depicting lower barrier to arene transfer for butanediol ester 2.2m relative to glycol ester 2.2g. 
All energies are qualitative, and are normalized to React-TP. 
Finally, a comparison between glycol ester 2.2g, propane-1,3-diol ester 2.2q, and 1,3,2-
dioxaborapane 2.2s highlights that 1,3,2-dioxaborinanes are less competent to form Pd-O-B linked 
intermediates when combined with Pd dimer 2.1. This observation is consistent with prior 
literature demonstrating that coordination of a Lewis base to the empty P-orbital is less favorable 
for 1,3,2-dioxaborinanes than for 1,3,2-dioxaborolanes or 1,3,2-dioxaborapanes.18,19 Despite the 
low concentration of React-TP intermediate, both the propane-1,3-diol ester 2.2q and 2-methyl-
propane-1,3-diol ester 2.2r transmetalate at a rate comparable to that observed for the glycol ester 
2.2g. This observation suggests that in analogy to trans-butanediol ester 2.2m, the ∆G between 






















































2.7 Demonstration of a Catalytic Reaction. 
It is of paramount importance to establish whether this rate increase would be manifested under 
preparative, catalytic conditions. Our observations support the previous findings that the main role 
of base in the Suzuki-Miyaura reaction is to convert the oxidative addition product ArylPdX to the 
competent ArylPdOH species when aqueous mixtures are employed (path B).20–22 However, 
previous investigations from these laboratories demonstrated that under certain conditions the 
oxidative addition product ArylPdX could react directly with ArylB(OH)3X to form Pd-O-B 
linkages (path A).2 Because catalytic reactions must be run under anhydrous conditions (to avoid 
hydrolysis of the ester) with a stoichiometric amount of base, we suspected that the combination 
of glycol boronic ester 2.2g with CsOH·H2O might allow for a soluble 8-B-4 hydroxy glycol 
boronate 2.11g to be formed which would allow access to path A.23 Indeed, mixing 1.0 equiv of 
CsOH·H2O with glycol boronic ester 2.2g in THF resulted in the formation of 8-B-4 hydroxy 
glycol boronic ester 2.11g (Scheme 2.7). Upon addition of a THF solution employing 2.0 mol % 
of XPHOS-Pd-G3 and 1.0 equiv of 4-methylbromobenzene (2.12) formation of cross-coupling 
product 34 and the reappearance of glycol boronic ester 2.2g was observed in a ca. 1:1 ratio by 19F 
NMR spectroscopy. We suspected that the reaction by-product 2.7g (2-hydroxy-1,3,2-
dioxaborolane) was scavenging the hydroxide from 2.2g forming 2.13g. Therefore, increasing the 
amount of CsOH·H2O from 1.0 to 3.0 led to the formation of cross-coupling product 2.14 in 96% 
yield (1.0 mmol scale) within 5 minutes at room temperature between 2.2g, 2.12 and XPHOS-Pd-
G3, Scheme 2.7. This result clearly demonstrated that boronic esters can function directly as 
coupling partners under catalytic conditions.  
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For the first time, kinetically competent 8-B-4 complexes containing Pd-O-B linkages “the 
missing links” between arylboronic esters and arylpalladium complexes in the Suzuki-Miyaura 
reaction have been observed and fully characterized by NMR spectroscopy. The characterization 
of these complexes was made possible by low temperature NMR spectroscopy with the NOE and 
HMBC experiments being crucial in solving the structures. Interestingly, various boronic esters 
such as catechol and glycol were found to undergo transmetalation with increased rates when 
compared to the arylboronic acid. Furthermore, a series of structural, kinetic and computational 
investigations revealed three competing factors that are crucial for transmetalation to take place. 
First, the ability to access a coordinatively unsaturated palladium atom is crucial as demonstrated 
both kinetically and computationally for the catechol ester 2.2b. Second, the nucleophilic character 
of the B-ipso carbon was also crucial for this event. Third, the ester ring size and steric environment 
about boron were found to affect the equilibrium concentration of pre-transmetalation 
intermediates and rate of transmetalation. Fourth, it was determined that stoichiometric formation 
of a pre-transmetalation intermediate is not necessary for a high transmetalation rate. Most 
importantly, glycol ester 2.2g was demonstrated to function under anhydrous catalytic conditions 
at room temperature, indicating that a prior hydrolysis step is not required for the transmetalation 
step. Moving forward, we sought to leverage the mechanistic insights described to enable 
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CHAPTER 3: POTASSIUM TRIMETHYLSILANOLATE ENABLES RAPID, 
HOMOGENEOUS, SUZUKI-MIYAURA CROSS-COUPLING OF BORONIC ESTERS. 
 
3.1 Introduction. 
The previous chapter discusses our findings that boronic esters are competent transmetalation 
partners without the need for hydrolysis to the parent boronic acid. Furthermore, the structure of 
the boronic ester has a significant effect on the rate of transmetalation.1 Following those results, 
we sought to demonstrate this effect in catalytic systems to illustrate that the use of an appropriate 
boronic ester can increase the rate of sluggish Suzuki-Miyaura reactions, thereby demonstrating 
the value of these reagents beyond their use as protecting groups.  
3.2 Background. 
3.2.1 Issues Facing the Previously Identified Cross-coupling Conditions. 
The preliminary investigations in this area (Section 2.7) identified a set of reaction conditions 
that effect rapid cross-coupling of boronic esters, but the method has three significant drawbacks. 
First, reactions run using glycol boronic esters as the transmetalating partner resulted in reduced 
aryl halide as a side product. The presence of protodehalogenated material was attributed to 
reduction by a palladium hydride complex generated through beta-hydride elimination from the 
glycol ester backbone. Second, cesium hydroxide monohydrate is unattractive as a base, as it is 
expensive and sufficiently deliquescent to require storage and handling in a drybox if water content 
is of concern. Third, cesium hydroxide monohydrate is insoluble in THF, and the heterogeneity of 
the reaction mixture lead to irreproducibility in reaction yields. A robust protocol that harnesses 
the increased transmetalation rate from boronic esters would need to address these three issues. 
3.2.2 Proposed Strategy to Enable Robust Cross-coupling of Boronic Esters. 
To address the issue of protodehalogenation, we selected several boronic esters that exhibited 
high rates of transmetalation in the stoichiometric reaction with Pd complex 3.1 for further 
evaluation in our optimization.  Alongside a high rate of transmetalation, we determined that a 
viable boronic ester would need to be readily available, and robust against dissociation to mitigate 
beta-hydride elimination. On the basis of these criteria, the neopentyl,2 cyclopentanediol, and 
THF-diol esters were selected for further investigation.  
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To address the issues of heterogeneity and base desirability, we sought to identify a new base 
that is soluble in organic media, resulting in a homogeneous reaction mixture. Heterogeneous 
reaction conditions complicate reactions in multiple ways – (1) the rate and yield of reaction 
become dependent on factors such as stir rate, particle size, and vessel shape, (2) reaction 
irreproducibility is increased when heterogeneous reaction components are physically deposited 
on the walls of the reaction vessel, and (3) scaling the reaction up or down can present unique 
challenges not present in homogeneous reaction systems. Moreover, homogeneous reaction 
conditions are more adaptable towards high-throughput-screening, flow reactors, and microfluidic 
screening. It is therefore attractive to develop reaction conditions that are homogeneous to alleviate 
these issues. 
3.2.3 Advantages of a Homogeneous Suzuki-Miyaura Reaction. 
The development of a homogeneous, anhydrous Suzuki-Miyaura reaction has applications 
beyond enabling the cross-coupling of rate-accelerating boronic esters. It is not uncommon for the 
Suzuki-Miyaura reaction to be performed under anhydrous reaction conditions using an inorganic 
base that is insoluble in the reaction solvent.3 There are several benefits to the use of anhydrous 
conditions in the Suzuki-Miyaura reaction. The Crépy and Glorius groups determined that the use 
of anhydrous conditions was essential to mitigate decomposition of the boron coupling partner 
through protodeboronation.4,5 Furthermore, some mechanistic evidence suggests water may inhibit 
the rate of the Suzuki-Miyaura reaction.6 Despite the disadvantages posed by heterogeneous 
reactions, relatively few Suzuki-Miyaura methods are available that operate under anhydrous, 
homogeneous reaction conditions.  
3.3 Goals for this Study. 
The overarching goal of developing a homogeneous cross-coupling method capable of 
harnessing the increased transmetalation rate of boronic esters can be split into three goals: 
1. identify a boronic ester backbone that exhibits a high transmetalation rate, is easily 
accessible, and provides good yields of product when used as the transmetalating partner 
in a catalytic cross-coupling, 
2. identify a base that is cheap, stable, and is soluble in anhydrous reaction solvent, 
3. optimize reaction parameters such as reagent stoichiometry, and 
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4. demonstrate the utility of the cross-coupling across a broad variety of substrates. 
To qualify as a superior alternative to existing procedures, this new method must satisfy several 
criteria: (1) all reagents used must be inexpensive, simple to prepare, and stable, (2) the reaction 
conditions must be anhydrous to avoid ester hydrolysis and mitigate protodeboronation, (3) the 
procedure must be operationally simple and robust enough to compete with the state of the art, and 
(4) the conditions should effect rapid cross-coupling at room-temperature.  
3.4 Optimization of Reaction Conditions. 
3.4.1 Identification of an Effective, Soluble Base. 
First, a search for an optimal base was conducted. Investigations conducted by Vincent Kassel 
found that candidates such  as dialkyl phosphates, potassium and sodium alkoxides, and 
tetraalkylammonium hydroxides, fluorides, and carboxylates were either ineffective or impractical 
(Table 6.1-6.4). Extensive investigations on silicon-based, cross-coupling reactions from this 
laboratory7–11 suggested the use of potassium trimethylsilanolate (TMSOK) because of its low cost 
and high solubility in ethereal solvents.12 Initial results were encouraging; in a survey of three 
solvents and four catalysts for the coupling of 4-bromobenzotrifluoride (3.2a) with neopentyl 4-
fluorophenylboronic ester (3.3a), the combination of Pd-P(t-Bu)3-G3 and THF was uniquely 
effective (Table 3.1). 
Table 3.1. Survey of Catalyst and Solvent for the Coupling of 3.3a with 3.2a. 
 
aYield of 3.4a obtained by 19F NMR against an internal standard. Reactions run on 0.10 mmol scale using 1.20 equiv of 
boronic ester 3.3a. 
3.4.2 Dependence of Reaction Yield on Base Stoichiometry. 
Initial experiments combining the three 4-fluorophenylboronic esters 3.3a, 3.5a, and 3.6a with 




























cat. (2 mol %)
TMSOK (3 equiv)
solvent (0.2 M)
23 ºC, 2 h
+
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with 1.4 equiv of base; two of three esters furnished 3.4aa in quantitative yield within 5 min at 
room temperature. Excesses of TMSOK (2.0 or 3.0 equiv) resulted in reaction stalling at low 
conversion. 
Table 3.2. Study of TMSOK Stoichiometry. 
 
aYield of 3.4a obtained by 19F NMR against an internal standard. Reactions run on 0.10 mmol scale using 1.20 equiv of 
boronic ester. 
3.4.3 Identification of the Optimal Boronic Ester. 
To better differentiate the three esters, the ability of each to transfer two different arenes, one 
heterocyclic (3.3b, 3.5b, 3.6b), and one electron deficient (3.3c, 3.5c, 3.6c) with several aryl 
halides was examined. In addition, the stability of each ester to silica gel column chromatography 
and storage was evaluated, along with their physical properties (Table 3.3). Esters derived from 
cis-3,4-tetrahydrofurandiol and neopentyl glycol were crystalline solids, whereas the esters 
derived from cis-1,2-cyclopentanediol were oils. Of the six esters prepared, all were indefinitely 
bench stable save for the cyclopentanediol ester of furan-2-boronic acid. When combined with aryl 
bromide 3.2a or aryl chloride 3.7a, neopentyl ester 3.3b and cyclopentanediol ester 3.5b each 
afforded the product 3.4ba in quantitative yield. When these aryl halides were combined with THF 
ester 3.5b, the product yield was slightly diminished. However, yields of 3.4cb were significantly 
lower, likely owing to the lesser migratory aptitude of the 3,5-bis(trifluoromethyl)phenyl unit. In 
reactions with aryl chloride 3.7b, neopentyl ester 3.3c afforded the highest yield followed by 
cyclopentanediol ester 3.5c and then THF ester 3.6c. In reactions with aryl bromide 3.2b little 


















































deemed only marginally superior, however, in view of their price14 and familiarity, these esters 
were selected for development. 
Table 3.3. Comparison of Coupling Efficiency, Stability, and Physical State of Six Boronic Esters. 
 
aRecovery determined by subjecting 150 mg of each ester to silica gel column chromatography (3.0 cm column, 30 g silica 
gel).   bYield of 3.4ba and 3.4cb obtained by 19F NMR against an internal standard. Reactions run on 0.25 mmol scale using 1.20 
equiv of boronic ester. 
3.4.4 Preliminary Hypothesis Regarding Dependence of Reaction Yield on Base Stoichiometry. 
The foregoing preliminary studies revealed that some reactions afforded quantitative yield in 
<5 min, but those that did not proceeded in low yield or failed to react altogether. A working 
hypothesis identifies three factors: (1) the previous observation that ≥2.0 equiv of TMSOK was 
detrimental (Table 2), (2) the failure of substrates with lesser migratory aptitude (Table 3), and (3) 
the extraordinary rate of reaction (Figure 2). It appears the reaction stalls when the base is present 
in excess of boronic ester – however, for many substrates, a substantial quantity of base is 
consumed by the time the entire portion is added owing to the rate of reaction. To support this 
hypothesis, the rate at which the room-temperature cross-coupling of 3.2a and 3.3a occurs under 
these conditions was determined (Figure 3.1). We employed our rapid-injection NMR apparatus 
(RI-NMR)15 to obtain a kinetic profile of the reaction. After 6 s (the minimum time required to 
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A. Reactions of heteroaryl and electron deficient boronic esters
B. Physical properties and stability to silica gel column chromatography
for various boronic esters.
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achieved in under 60 s (Figure 3.1). Thus, to retain reactivity for sluggish reaction partners, the 
slow or portionwise addition of base was investigated (Table 3.4). 
 
Figure 3.1. Rapid-Injection NMR reaction profile. Concentration of 3.4aa obtained by 19F NMR against an internal 
standard. Reaction run on 0.16 mmol scale using 1.20 equiv of boronic ester. 
3.4.5 Development of a Portionwise Addition Protocol. 
In the reaction of mesityl bromide with 3.3a, addition of a THF solution of TMSOK, either in 
a single bolus or dropwise over 15 s gave variable and unsatisfactory yields (entries 1, 2). 
Decreasing the quantity of base to 1.0 equiv restored reaction reproducibility (entry 3) but did not 
proceed to completion within 3 h. Addition of 1.0 equiv of TMSOK solution followed by an 
additional 0.4 equiv after 45 min provided sufficient base to achieve full conversion (entry 4). 
Ultimately, we chose to use 0.9 equiv of TMSOK followed by 0.5 equiv after 45 min (entry 5), to 





































Table 3.4. Development of a Portionwise Addition Protocol for Challenging Substrates.a,b 
 
aReactions run in triplicate on 0.25 mmol scale using 1.20 equiv of boronic ester 3.3a. bYield of 3.4ac obtained by 19F NMR 
against an internal standard. 
3.5 Exploration of Substrate Scope. 
3.5.1 Exploration of the Boronic Ester Scope. 
With optimized conditions fully developed, the generality of the TMSOK-promoted cross-
coupling was explored with a series of neopentyl boronic esters and 3.2a (Table 3.5a). To rapidly 
evaluate the substrate scope, a series of aryl halides and boronic esters were reacted with a fluorine-
containing group, and the yield was evaluated by 19F NMR spectroscopy. Once the reaction yield 
was determined, the reaction was repeated on 1.0 mmol scale and the product was isolated. In 
general, reactions were complete in 5 min affording product in excellent (>90%) yield. Reactions 
using electron-rich partners such as 4-ethoxyphenyl- 3,4,5-trimethoxyphenyl-, and 3,4-
methylenedioxyphenylboronic ester, or electronically neutral partners such as 4- fluorophenyl-, 2-
naphthyl, and 1-naphthylboronic ester furnished the respective products in >90% yield in under 5 
min. Electron-deficient nucleophiles such as 4-cyano-, 4-trifluoromethyl-, 4-sulfonyl-, and 3,5-
bis(trifluoromethyl)phenylboronic esters required slightly extended reaction times to reach 
completion but also afforded >90% yields. Protodeboronation prone heterocycles such as 2-furyl, 
2-thienyl, 2-(4-cyano)thienyl, and n-Boc-pyrrolyl-2-boronic ester gave excellent yields as well, 
with all but 2-(4-cyano)thienyl proceeding to completion in less than 5 min. The neopentyl ester 
of 2-pyridylboronic acid proved too unstable for effective isolation – however, the pinacol ester of 
6-substituted pyridylboronic acids such as 6-trifluoromethyl-2-pyridyl-boronic ester and 6-
methoxy-2-pyridylboronic ester were effectively cross-coupled at slightly elevated temperatures 
and extended reaction times. Boronic esters bearing unobtrusive groups such as 2-fluorophenyl- 
base additon method
1.4 equiv added in one portion
1.4 equiv added dropwise over 15 s
1.0 equiv added in one portion
1.0 equiv, followed by 0.4 equiv at 45 min






















and 2-trifluoromethoxyphenyl boronic ester reacted in 5 min and 30 min respectively, each in >90% 
yield.  The more encumbered 2-methylphenylboronic ester was successfully cross-coupled in 94% 
yield after 30 min. However, mesitylboronic ester was cross coupled in only 40% yield after 3 h, 
using 4.0 mol % catalyst. 
3.5.2 Exploration of the Aryl Halide Scope. 
Next, the electrophile scope and functional group compatibility were examined by combining 
a series of aryl halides with 3.3a (Table 3.5b). Electron deficient aryl halides were excellent 
partners, leading to complete reaction in <5 min. 4-Nitrophenyl bromide 3.2g reacted successfully 
and secondary amides were competent without protection, as was 4-bromo-acetophenone (3.2e). 
4-Ethoxycarboxyphenylbromide (3.2d) reacted rapidly and did not suffer saponification — 
however, methyl esters undergo competitive demethylation. Electron rich aryl halides that retard 
the rate of oxidative addition were equally competent; 4-bromodiphenyl ether (3.2h) and 4-
bromoanisole (3.2i) both reacted in quantitative yield in <5 min.  
Amines were compatible under these conditions; tertiary amine-containing aryl bromide 3.2j 
gave an excellent yield. Some nitrogen heterocycles were compatible; 6-trifluoromethyl-2-
bromopyridine reacted quantitatively in <5 min, and 2-bromopyridine reacted quantitatively in 15 
min. 
Silyl protected phenols (3.2n) and anilines (3.2k) were compatible as well. Highly encumbered 
aryl bromides underwent cross-coupling readily. Mesityl bromide (3.2c) gave excellent yield in 
only three hours, and the extremely encumbered 2,4,6-triisopropyl-bromobenzene was 
successfully cross-coupled in good yield. Aryl chlorides were also competent — 4-
chlorobenzonitrile reacted cleanly, and the 2-substituted aryl chloride 3.7q could be cross-coupled 
in only 30 min, albeit in 75% yield. Finally, benzyl chloride 3.7q cross-coupled effectively without 
ether formation with TMSOK.  
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Table 3.5. Reaction Scope of Neopentylboronic Esters.a 
 
aReactions with 1.00 mmol of aryl halide with 1.2 equiv of boronic ester. Yields of isolated product after column 
chromatography. bProduct was further purified to analytical purity – see Supporting Information. cPinacol ester used. 































































Pd-P(t-Bu)3-G3 (2 mol %)
TMSOK (1.4 equiv)












2 h, 50 ºC, 96%c
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3.5.3 Demonstration of the Competency of Non-fluorinated Coupling Partners. 
Several additional combinations of nonfluorinated substrates were tested (Table 3.6). 
Aldehydes were not compatible but the protected aldehyde 3.2t coupled with 3.3k in 87% yield. 
Styrenyl bromide 3.2u was coupled with 3.3b in 94% yield. Neopentyl 4-tert-butylphenylboronic 
ester 3.3w was successfully combined with 3.2v, to furnish 3.4wv in 90% yield after crystallization 
of the product as the HCl salt. Finally, the ethyl ester of indomethacin (3.2w) was methylated in 
97% yield using neopentyl methylboronic ester. 
Table 3.6. Cross-Coupling of Non-Fluorinated Arenes.a 
 
aSee footnote a Table 5. bProduct was further purified to analytical purity – see Supporting Information. c0.44 M 
concentration. 
3.5.4 Application of the Developed Method to Sluggish Literature Cross-coupling Reactions. 
To challenge the state of the art, it was deemed crucial to demonstrate that these modifications 
are applicable to other systems. Several published reactions were identified that take >48 hours to 
proceed to satisfactory conversion which were then executed under the conditions developed 
herein (Table 7). The reaction of methylboronic acid and bromide 3.2x catalyzed by Pd(OAc)2/P(2-
Tol)3 provides 3.4xx in 68% yield after 312 h.17 By substituting the neopentyl ester for the boronic 
acid and using TMSOK as the base, 3.4xx was produced in 91% yield after only 16 h. The cross-
coupling of pyridyl bromide 3.2y and phenylboronic acid catalyzed by Pd(PPh3)4 is run for 72 h 
to obtain 3.2yy in 51% yield.18 With the modifications described above, the product was obtained 
in 92% yield after 5 h. Finally, the coupling of bromide 3.2z with cyclopropylboronic acid was 
investigated under catalysis by Pd(OAc)2/P(c-Hex)3, which furnished product 3.4zz in 73% yield 
10wv































after 50 h.19 Substituting with TMSOK and neopentyl cyclopropylboronic ester gave a lower yield 
owing to competitive protodehalogenation. Switching to the THF-3,4-diol ester suppressed this 
side reaction and afforded 3.4zz in 72% yield after 3 h. These examples demonstrate that by simply 
using a boronic ester in place of the acid, using TMSOK as a base, and a compatible solvent system 
(ethereal, anhydrous solvents), the rate of cross-coupling is increased in a variety of catalytic 
systems; the catalyst/ligand for each system has not been changed. As such, we posit that this is a 
general advance that can provide benefits complementary to other improvements in ligand design. 
Table 3.7. Improving the Rate of Known Reactions.a 
 
aReactions with 1.00 mmol of aryl halide. Yields of isolated product after column chromatography.  
3.6 Demonstration of Reaction Scalability and Reproducibility Through Publication in 
Organic Syntheses. 
To demonstrate the scalability and reproducibility of this method, the synthesis of an 
intermediate en route to bixafen was chosen. This molecule was selected both for its industrial 
relevance and the challenging 2-aniline motif.20 Although the synthesis of this product proved 
facile using the conditions previously described, the isolation of analytically pure material proved 
challenging. Isolation of the free aniline predictably leads to degradation over time in air. Therefore, 
it was determined that isolation as a salt would be beneficial. It was envisioned that the pure salt 
could be precipitated from the crude reaction mixture as a means of facile purification and storage. 







Pd(OAc)2 (15 mol %) 
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K2CO3 (3 equiv)
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tosylate salt was ultimately found to exhibit the desired solubility properties. The next obstacle 
was the identification of an appropriate solvent for the salt formation – acetonitrile was ultimately 
identified as it can solubilize both the crude aniline and tosylic acid monohydrate. When combined 
with a final trituration in refluxing toluene to complete the impurity purge, this purification 
protocol represents a simple and robust method for the isolation of analytically pure 3.4aaaa. 
Ultimately, a 90% yield of analytically pure product was obtained for the cross-coupling run on a 
20 mmol scale, demonstrating the scalability and reproducibility of the method. 
Scheme 3.1. Demonstration of reaction scalability in through 20 mmol scale synthesis of Bixafen precursor. 
 
3.7 Conclusion. 
In conclusion, we have demonstrated that the use of an organic soluble base, TMSOK, allows 
for a homogeneous, anhydrous reaction that improves reproducibility and ease of use. Additionally, 
boronic ester structure represents a powerful new point of optimization in the Suzuki-Miyaura 
reaction which can complement advances in ligand and pre-catalyst design 
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In Chapter 3, the Suzuki-Miyaura cross-coupling of boronic esters promoted by potassium 
trimethylsilanolate was described.1 It was demonstrated that when neopentyl, or cis-2,3-
tetrahydrofurandiol boronic esters are used as the transmetalating partner, and potassium 
trimethylsilanolate is used as the base, that the reaction rate is increased >10-fold when compared 
to several commonly employed reaction conditions. During the course of reaction optimization, a 
striking dependence of reaction yield on base stoichiometry was observed. When the ratio of 
base/boronic ester exceeds 1.2, little to no product was formed even given extended reaction times. 
The severe dependence of yield on base stoichiometry, high rate of reaction, and homogeneous 
reaction mixture prompted us to investigate the mechanistic details of the TMSOK-promoted, 
Suzuki-Miyaura cross-coupling of boronic esters. 
As discussed in Chapter 1, it is accepted that transmetalation in the Suzuki-Miyaura reaction 
proceeds through the intermediacy of a Pd-O-B linked intermediate, but two mechanisms have 
been proposed for the generation of this intermediate. In the “boronate” pathway (path A), an 8-
B-4 boron species reacts with an arylpalldium halide to generate the Pd-O-B linked intermediate. 
In the “oxo-palladium” pathway (path B), a 6-B-3 boron species reacts with an arylpalladium 
hydroxide complex to form the Pd-O-B intermediate.2,3 Foregoing studies by Hartwig4, Amatore 
and Jutand,5 and Soderquist6 have established that in most cases, the oxo-palladium pathway is 
kinetically favored over the boronate pathway (Section 1.2.2). 
Despite this literature precedent, we hypothesized that the reaction employing TMSOK and 
neopentyl boronic esters may proceed through path A, the boronate pathway. In most Suzuki-
Miyaura reactions, 8-B-4 species are present in a separate phase, either as an insoluble solid or 
dissolved in the aqueous layer of an aqueous-organic biphase. Thus, the rate of transmetalation 
through the boronate pathway is limited by mass-transfer unless very high stir rates and surface 
areas are achieved. In contrast, the developed reaction conditions involve an organic-soluble 
boronate that is present in the same phase as the other reaction components. 
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4.2 Goals of this Study. 
The following specific goals were identified: 
1. determine what mechanistic features led to the observed dependence of reaction yield on 
base stoichiometry, 
2. identify pre-transmetalation intermediates incorporating TMSOK and neopentyl boronic 
esters, and 
3. determine if transmetalation proceeds through a boronate or oxo-palladium mechanism. 
4.3 Stoichiometric Experiments Probing Mechanism of Transmetalation. 
4.3.1 Experimental Design. 
To identify the mechanism of transmetalation in the TMSOK-mediated Suzuki-Miyaura 
reaction, we proposed to explore three mechanistic scenarios by combining boron reagents and 
palladium complexes as a stoichiometric mixture, and observing the resulting reactions. First, we 
probed reactivity through path A, the boronate pathway, by combining a TMSOK-ligated 8-B-4 
boron reagent with an arylpalladium halide complex and observe the resulting reactivity. Next, we 
probed path B, the oxo-palladium pathway, by generating an arylpalladium-OTMS complex and 
combining it with a 6-B-3 boronic ester. Finally, to simulate reactivity in the presence of an excess 
of base, we explored a third mechanistic scenario, in which an 8-B-4 boronate reacts with an 
arylpalladium-OTMS complex, which we will call path C. In each case, the reaction progress could 
be monitored by 19F NMR spectroscopy for both the presence of new resonances consistent with 
pre-transmetalation intermediates and to determine the kinetics of biaryl formation when warmed 
to an appropriate temperature. 
4.3.2 Investigation of Transmetalation Through Path A. 
To test the boronate pathway (path A), 1.0 equiv of TMSOK-ligated boronate complex of 
neopentyl 3,5-bistrifluoromethylphenylboronic ester (4.1) was combined with 4-F-C6H4Pd[P(t-
Bu)3]Br (4.2) at –40 °C in THF. To our surprise, the combined reagents readily reacted at –40 °C 
to ultimately generate biaryl 4.3 following transmetalation and reductive elimination (Figure 4.1). 
No pre-transmetalation complex was observed, implying that the reaction is either intermolecular, 
that binding of boronate to Pd is rate determining, or that the reaction follows Michaelis-Menten 
kinetics with a large value of KM. 
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The concentration of various reaction components was monitored over the course of 23 
minutes using 19F NMR spectroscopy. After 23 minutes, all Pd complex 4.2 had been consumed, 
but the concentration of biaryl product 4.3 was lower than expected. Furthermore, a new, 
unidentified species 4.4 characterized by a 19F NMR signal at –127.5 ppm was formed alongside 
the biaryl product 4.3. 
 
 
Figure 4.1. Plot of concentration of reaction components vs time for path A experiment. 
The observation that boronate complex 4.1  reacted with Pd complex 4.2 to form biaryl 4.3 at 
–40 °C demonstrates that transmetalation through path A is kinetically accessible in this system. 
This observation stands in contrast to the mechanistic scenario established for boronic acids under 
different reaction conditions, in which path A was prohibitively slow. The high rate of 
transmetalation at –40 °C is also noteworthy. However, our findings were complicated by the 



















































consumed. Correspondingly, one equiv of biaryl product 4.3 and one equiv of unknown 4.4 were 
formed (Table 4.1). 
Table 4.1. Stoichiometry of reagents for path A experiment. 






boronate 4.1 22 14 – 8.5 
ArPdBr 4.2 17 0 – 17 
biaryl 4.3 0 8.5 + 8.5 
unknown 4.4 0 8.5 + 8.5 
In view of the observed stoichiometry, we hypothesized that unknown complex 4.4 could be 
formed through a reaction between a post-reductive elimination reaction byproduct and 
arylpalladium halide complex 4.2. With biaryl 4.3 accounted for in the NMR spectrum, possible 
candidates for this reaction byproduct are P(t-Bu)3Pd(0) (4.5) and boron byproduct 4.6. To further 
determine the identity of the unidentified complex, we characterized it using a variety of 1- and 
2-D NMR spectroscopy techniques. 
4.3.3 Characterization of Unknown 4.4 Through NMR Spectroscopy. 
Attempts to isolate unknown complex 4.4 were unsuccessful, as it was observed to decompose 
at temperatures above –10 °C. Instead, a fresh sample was generated in situ, and spectroscopic 
characterization of the new complex 4.4 as a component of the product mixture was performed by 
means of 1H, 19F, 31P, and 13C NMR spectroscopy alongside 2D experiments including COSY, 
ROSEY, HSQC and HMBC (Figure 4.2). 
In the aryl region of the 1H NMR spectrum, resonances associated with biaryl 4.7 are observed 
at 7.65 and 7.18 ppm, integrating to 4 protons each. Two additional resonances at 6.85 and 6.58 
are assigned to the unknown complex. In the alkyl region, two sets of peaks consistent with boron 
byproduct 4.6 are observed at 3.61, 0.92, and 0.14 ppm. Finally, the singlet at 1.29 ppm integrating  
to 54 protons was assigned to two chemically equivalent P(t-Bu)3 ligands. This observation is 




   
Figure 4.2. 1H NMR spectrum of unknown species 4.4, biaryl 4.7 and boron byproduct 4.6. 
COSY, HSQC, and HMBC spectra were obtained for the mixture in THF-d8, but were not 
structurally informative. However, the ROESY spectrum contained a cross-peak between the 
P(t-Bu)3 resonance and both 4-F-C6H4 resonances, suggesting they are both part of one molecule, 
and not two components of a mixture. Full characterization data is present in Section 7.11. 
Taken together, these data suggest that the unknown complex contains a 4-fluorophenyl group, 
and two symmetrically related tri-tert-butylphosphine groups. We hypothesize such a complex 























































































reacted with arylpalladium bromide to form a new, binuclear palladium complex (Scheme 4.1). 
Such a complex could be competent to undergo both transmetalation to furnish two palladium(0) 
complexes following reductive elimination, and oxidative addition to furnish two palladium(II) 
complexes. Therefore, the reactivity of 4.4 toward oxidative addition and transmetalation was 
explored.  
Scheme 4.1. Putative structure of unknown 4.4 characterized by 19F peak at –127.5 ppm 
 
4.3.4 Transmetalation and Oxidative Addition Reactions with Complex 4.4. 
To explore whether transmetalation from boronate 4.1 to complex 4.4 is feasible, 1.0 equiv of 
oxidative addition complex 4.2 was combined with 1.0 equiv of boronate 4.1 in THF at –10 °C. 
After the reaction mixture was aged for 100 s at –10 °C, arylpalldium bromide complex 4.2 had 
reacted  quantitatively with 0.5 equiv of boronate 4.1 to generate 0.5 equiv of complex 4.4 and 0.5 
equiv of biaryl 4.3 (Figure 4.3).  From this point, complex 4.4 and boronate 4.1 continued to react 














Figure 4.3. Path A transmetalation at –10 ºC, showing further transmetalation from complex 4.4. 
Beginning at the timepoint at which the concentration of complex 4.4 is at a maximum, the 
stoichiometry of reaction is examined. For each equiv of boronate 4.1 consumed, one equiv of 
biaryl 4.3 is formed, suggesting quantitative conversion from boronate 4.1 to product 4.3 (Table 
4.2). However, an excess of unknown 4.4 is consumed in the process. Given the observed 
instability of unknown 4.4, it is possible that the excess consumption of complex 4.4 is the result 
of concurrent decomposition of the complex.  
Table 4.2. Stoichiometry of reactants and products for the reaction depicted in Figure 4.3. 






boronate 4.1 15.0 mM 9.5 mM – 5.5 mM 
unknown 4.4 11.0 mM 0.5 mM – 10.5 mM 
biaryl 4.3 10 mM 15.5 mM + 5.5 mM 
Pd BrF
P(t-Bu)3





















































Next, the propensity of complex 4.4 to react with an aryl halide in an oxidative addition 
reaction was explored. First, complex 4.4 was generated in the absence of boronate by combining 
10 µmol of arylpalldium bromide complex 4.2 with 0.5 equiv of boronate 4.8 in THF. The two 
reagents were combined at –40 °C to generate 5 µmol of unknown 4.4 and 5 µmol of 4.7 with 
complete consumption of 4.2 and 4.8. Finally, the reaction was cooled to –78 °C, 5 µmol of aryl 
bromide 4.9 was added to the generated solution of complex 4.4 in THF, and the mixture was 
warmed to –10 °C and monitored by 19F NMR spectroscopy (Figure 4.4). The concentration of 
unknown complex 4.4 and aryl bromide 4.9 decreased over time, and the concentration of 
oxidative addition complex 4.2 increased over time. Furthermore, a small amount of biaryl product 
4.7 was observed to form (Figure 4.4). 
 
 
Figure 4.4. Conversion of unknown complex 4.4 into palladium oxidative addition complex 4.2 in the presence of aryl 
bromide 4.9. 
Once again, the change in concentration of complex 4.4 and aryl bromide 4.9 was identical, 
















































4.9 and complex 4.4 that are consumed, 1.3 equiv of arylpalladium halide complex 4.2 are 
generated. Furthermore, biaryl 4.7 is generated in sub-stoichiometric quantities. The generation of 
biaryl 4.7 may be the result of decomposition of complex 4.4 or arylpalladium halide complex 4.2. 
Table 4.3. Stoichiometry of reactants and products in Figure 4.4. 






aryl bromide 4.9 6.5 3 – 3.5 
complex 4.2 1 5.5 + 4.5 
biaryl 4.7 8.5 10.5 + 2  
complex 4.4 6.5 3 – 3.5 
To summarize, the complex 4.4 appears to undergo transmetalation and subsequent reductive 
elimination to form biaryl 4.3 when combined with boronate 4.1, and appears to undergo oxidative 
addition when combined with aryl bromide 4.9 to form arylpalladium halide complex 4.2. 
Although neither reaction proceeds in quantitative yield, decomposition of the relevant palladium 
species is a plausible explanation for the remainder of the mass balance. Altogether, these 
observations support the structural hypothesis put forward in Section 4.4.7. 
4.3.5 Generation of ArPd(L)OTMS for Path B Experiments. 
Next, path B was tested by combining neopentyl 3,5-bistrifluoromethylphenylboronic ester 
(4.10) with 4-F-C6H4Pd[P(t-Bu)3]OTMS (4.11) at –40 °C. To do so, the complex 4-F-C6H4Pd[P(t-
Bu)3]OTMS (4.11) was generated and characterized, as it has not been described in the literature. 
The prior characterization of arylpalladium silanolate complexes in the Denmark laboratory7,8 
informed our strategy for characterization. The previously described arylpalladium silanolate 
complexes exhibited resonances that were isochronous to the corresponding arylpalladium halide 
complexes. Their characterization was accomplished by adding 0.5 equiv of silanolate to the 
arylpalladium halide complex, which resulted in the formation of a mixed PdII/PdII dimer 
incorporating one silanolate ligand and one halide ligand. When that complex was treated with an 
additional 0.5 equiv of silanolate, it was converted to a new complex bearing resonances that were 
isochronous to the corresponding arylpalladium halide complex. The intermediacy of the mixed 
1:1 dimer demonstrated that the silanolate complex had been formed, despite the lack of apparent 
change in the NMR spectra. 
 102 
The same technique was used to characterize 4-F-C6H4Pd[P(t-Bu)3]OTMS (4.11). To a THF 
solution of arylpalladium halide complex 4.2 was added 0.25 equiv of TMSOK in THF, and 19F, 
1H, and 31P NMR spectra were collected (Figure 4.5). As anticipated, a new species was formed 
in a 1:1 ratio with arylpalldium halide complex 4.2, assigned as the mixed PdBr/PdOTMS dimer. 
Addition of an additional 0.25 equiv of TMSOK lead to full conversion of ArPdBr 4.2 to the mixed 
dimer 4.12. Addition of 0.25 equiv of TMSOK for a total of 0.75 equiv w.r.t ArPdBr 4.2 lead to 
the generation of multiple new species between –124 and –125 ppm. These species continued to 
be present in the 1:1 mixture of TMSOK and ArPdBr 4.2. When 0.5 equiv of TMSOK was added 















































Figure 4.5. Stacked spectra depicting the result of combining TMSOK and ArPdBr 4.2 in various ratios. 
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when the ratio of TMSOK:Pd was 2:1 and 3:1, the broad peak at –125.8 ppm resolved into a peak 
at –126.1 ppm. 
The observation of multiple species when TMSOK and ArPdBr were mixed in a 1:1 ratio, as 
well as the observation of broad signals, suggest that 4-F-C6H4Pd[P(t-Bu)3]OTMS (4.11) may not 
exist as a well-defined compound at this concentration and temperature, and that it may be in an 
equilibrium with free TMSOK and other Pd complexes. This hypothesis is supported by the 
observation of broad signals in the 31P spectrum and 1H spectrum OTMS region for the 1:1 mixture 
of TMSOK and ArPdBr 4.2 (Section 7.18). 
4.3.6 Exploration of Transmetalation Through Path B. 
Once characterization of 4-F-C6H4Pd[P(t-Bu)3]OTMS (4.11) was complete, the reaction 
between 4-F-C6H4Pd[P(t-Bu)3]OTMS (4.11) and neopentyl 3,5-bistrifluoromethylphenylboronic 
ester (4.10) was investigated. First, 4-F-C6H4Pd[P(t-Bu)3]OTMS (4.11) was generated by adding 
1.0 equiv of a THF solution of TMSOK to a THF solution of 4-F-C6H4Pd[P(t-Bu)3]Br (4.2) at –
78 °C in a 5-mm NMR tube. Next, a THF solution containing 1.0 equiv of neopentyl 3,5-
bistrifluoromethylphenylboronic ester was added at –78 °C, the reaction was inserted into an NMR 
magnet pre-cooled to –40 °C and the evolution of species over time was monitored by 19F NMR 
spectroscopy. 
At t = 0 s, biaryl product had already been formed at a concentration of 4 mM, corresponding 
to a roughly 25% yield w.r.t. initial arylpalladium halide complex 4.2. Also present was 8-B-4 
boronate 4.1 in 8 mM concentration, and a species exhibiting a 19F NMR resonance consistent with 
a mixed ArPd(L)Br/ArPd(L)OTMS dimer 4.12. Over 22 minutes at –40 °C, the concentration of 
mixed dimer 4.12 decreased, and the concentration of complex 4.4 increased correspondingly 





Figure 4.6. Concentration of relevant species in path B transmetalation pathway over time. 
Although this result is not entirely conclusive, we can make several observations. First, the 
oxo-palladium pathway may be very fast, given that biaryl product was formed prior to the 
acquisition of spectra at –40 °C. However, two observations suggest that the binding affinity of 
TMSOK is much higher for boronic ester 4.10 than for arylpalladium-OTMS complex 4.11: (1) 
the inability to characterize arylpalladium-OTMS complex 4.11 as a discrete intermediate, and (2) 
the generation of 8-B-4 boronate 4.1 from the mixture of arylpalladium silanolate complex 4.11 
and 6-B-3 ester 4.10. As such, the speciation in solution greatly favors transmetalation through 
path A, the boronate pathway.  
4.3.7 Exploration of Transmetalation Through Path C. 
Finally, the reaction between boronate 4.1 and arylpalladium-OTMS complex 4.11 was 
investigated. To do so, 4-F-C6H4Pd[P(t-Bu)3]Br (4.2) was mixed with 3.0 equiv of TMSOK in 





























































of neopentyl ester 4.10 was added at –78 °C. The neopentyl ester rapidly reacts with TMSOK to 
form boronate 4.1 in situ. The reaction mixture containing 1.0 equiv 4-F-C6H4Pd[P(t-Bu)3]OTMS 
(4.11), 1.0 equiv boronate 4.1, and 1.0 equiv TMSOK in THF was lowered into a NMR magnet 
pre-cooled to –40 °C, and the evolution of species over time was monitored using 19F NMR 
spectroscopy. No reaction was observed over the course of 20 minutes. The magnet was warmed 
to –10 °C, and again monitored by 19F NMR, and no reaction was observed over the course of 20 
minutes. Finally, the NMR magnet was warmed to 10 ºC, at which temperature the arylpalladium-
OTMS complex 4.11 decomposed without conversion to biaryl 4.3. Clearly a path C reaction 
mechanism is not viable, which is in good agreement with the dependence of reaction yield on 
base stoichiometry and prior results obtained by Amatore and Jutand. 
4.3.8 Summary of Stoichiometric Reaction Results and Discussion. 
Overall, we observed that reaction through path A is kinetically viable and leads to the 
generation of a new intermediate 4.4. The reactivity and structural characterization data of 4.4 are 
consistent with the structural hypothesis put forward in Section 4.3.3. Attempts to characterize 
arylpalladium silanolate complex 4.11 showed the generation of new species with the consumption 
of arylpalladium halide complex 4.2, but the lack of a single, discrete intermediate suggests that 
the binding between arylpalladium(II) and trimethylsilanolate anion is relatively weak compared 
to that between arylpalladium(II) and hydroxide anion. Exploration of transmetalation through 
path B reavealed that while the path may be kinetically viable, the speciation in solution heavily 
favors path A. Finally, the lack of reactivity observed through path C offers an explanation for the 
relationship between base stoichiometry and reaction yield observed in the TMSOK-promoted 
Suzuki-Miyaura reaction. No new NMR resonances consistent with a Pd-O-B intermediate were 
observed, suggesting that the intermediate lies at the unfavorable end of an equilibrium, or lies 
after the turnover limiting step on the reaction coordinate. 
The lack of reactivity through path C can be interpreted in the context of productive reactivity 
through path A or path B. If path A is operative, it suggests that a boronate can displace a halide 
anion from an arylpalladium(II) complex, but cannot displace the silanolate ligand, particularly 
when it is present in excess which disfavors dissociation of OTMS– through Le Chatelier’s 
principle. If path A is operative, the lack of free boronic ester that is not bound as the boronate 
would prevent reactivity through path B, as was described by Jutand and Amatore.5 
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Next, we sought further evidence that the TMSOK-promoted Suzuki-Miyaura reaction of 
neopentyl boronic esters proceeds path A reaction pathway using kinetic analysis to obtain a rate 
equation. Furthermore, we sought to identify whether complex 4.4 represented an artifact of our 
stoichiometric reactions or a relevant catalytic intermediate. 
4.4. Kinetic Analysis of the TMSOK-Promoted Suzuki-Miyaura Reaction. 
4.4.1 Experimental Design. 
The inconclusive results for path B in our stoichiometric studies precluded a direct comparison 
of transmetalation rates through path A and path B. Although the speciation in solution favors path 
A, determination of the reaction rate equation through kinetic analysis could provide compelling 
evidence for which pathway is operative in the catalytic reaction.  
One major experimental challenge was the rate of reaction, which precluded kinetic analysis 
at room temperature. Even when electron deficient neopentyl 3,5-bistrifluoromethylphenylboronic 
ester (4.10) was used as the nucleophile with the intent to lower the reaction rate by decreasing the 
migratory aptitude of the transmetalating arene, the reaction was >50% complete in seconds at 
22 °C. To allow for the collection of sufficient data for kinetic analysis, reactions were performed 
at –25 °C. Arylpalladium halide complex 4.2 was chosen as the palladium source, as it is assumed 
to be a competent catalytic species that does not require activation to enter the catalytic cycle. 
Preliminary experiments using Pd-P(t-Bu)3-G3 (Buchwald 3rd generation pre-catalyst)9 as the 
catalyst lead to irreproducibility associated with the pre-catalyst activation step. For the 
electrophilic species, 4-bromofluorobenzene was chosen because fluoroarenes have a reasonably 
strong dependence of 19F chemical shift on electronic environment, allowing for the identification 
and quantitation of species in the reaction by 19F NMR spectroscopy. 
 Kinetics experiments were performed by pre-mixing THF solutions of boronic ester 4.1, aryl 
bromide 4.9, arylpalladium halide complex 4.2, and an internal standard in a 5-mm NMR tube, 
then adding a solution of TMSOK in THF at –78 °C, with the reaction initiated by lowering the 
tube into an NMR magnet pre-cooled to –25 °C. All experiments were performed in triplicate, and 
error bars shown represent the standard deviation of the triplicate rates. Reaction rates were 
determined using the method of initial rates. The mixture was allowed to age for 100 s to establish 
a steady state, then the rate was measured as the slope of product formation vs. time for 11 time 
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points between 100 and 200 s. All non-zero partial reaction orders were determined by fitting the 
exponential curve y = kobs*[conc]a, where y represents the initial rate, kobs represents the observed 
rate constant, [conc] represents the concentration of reagent, and a represents the partial reaction 
order. Partial reaction orders of zero were determined using a log/log plot. 
4.4.2 Summary of Precedented Reaction Pathways. 
To facilitate analysis, the mechanistic proposal shown in Figure 4.7 was developed on the basis 
of potential reaction steps that were identified through reaction of arylpalladium complexes at 
stoichiometric concentrations. (1) the transmetalation reaction between boronate 4.1 and 
arylpalladium bromide complex 4.2 to furnish biaryl 4.3 following reductive elimination (Figure 
4.7, steps B, C), (2) the reaction of 4.2 through path B (Figure 4.7, steps E,F) (3) the generation of 
complex 4.4 from Pd(0) 4.5 and arylpalladium bromide complex 4.2 (Figure 4.7, step G) (3) the 
oxidative reaction between aryl bromide 4.9 and complex 4.4 to generate 2 equiv of arylpalladium 
bromide 4.2 (Figure 4.7, step I), and transmetalation between boronate 4.1 and complex 4.4 (Figure 
4.7, step H). Finally, reductive elimination and oxidative addition steps are invoked to close the 
catalytic cycle and are well precedented (Figure 4.7, step D).  
We hypothesized that if path A (Figure 4.7, steps A,B,C,D) is operative, we would observe a 
0th order rate dependence on 6-B-3 boronic ester 4.10, and a 1st order rate dependence on boronate 
4.1. If path B (Figure 4.7, steps A, E, F, C, D) is operative, we hypothesized that we would observe 
a complex relationship between rate and concentration of 8-B-4 and 6-B-3, analogous to that 
observed by Jutand, Amatore and deLuc when studying Suzuki-Miyaura reactions determined to 
proceed through path B.5 In either case, we anticipate a 0th order dependence on the concentration 
of aryl bromide, consistent with a turnover-limiting transmetalation, and a 1st order dependence on 
the concentration of catalyst. Additionally, two pathways involving dinuclear Pd complex 4.4 are 
possible. The reaction pathway including step H as the turnover-limiting step cannot be easily 
distinguished from a path A mechanism using kinetic analysis, as it is also anticipated to exhibit 
the rate law d[pdt]/dt = k[4.1][4.2]. However, if step I is turnover-limiting, a highly diagnostic rate 
law of d[pdt]/dt = k[4.9]0.5[4.4]0.5 is anticipated, as two molecules of 4.2 are generated in the step. 
A turnover-limiting oxidative addition step I would have 4.4 as the catalytic resting state, with [4.4] 
= [4.2]/2, allowing the rate law to be written in terms of the initial reagents d[pdt]/dt = 
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k[4.9]0.5([4.2]/2)0.5 = k’[4.9]0.5[4.2]0.5. Steps G, C, and D are not anticipated to be turnover limiting 
given the stoichiometric experiments performed in Section 4.3.2. 
 
Figure 4.7. Elementary steps that have been demonstrated for TMSOK-promoted Suzuki-Miyaura reaction. 
4.4.3 Partial Reaction Order in Aryl Halide. 
First, the partial reaction order in aryl halide was determined (Figure 4.8). Across an 8-fold 
range of concentrations, the reaction was found to be 0.5 order in aryl halide, which supports a 
turnover-limiting oxidative addition reaction between 4.4 and 4.9 (Figure 4.7). Further support for 
this mechanism is the observation of binuclear Pd complex 4.4 in the 19F NMR NMR spectrum, 

















































































































Figure 4.8. Plot of initial rate vs. the concentration of aryl bromide. The rate constant was determined by fitting the 
exponential function y = kobs[4.9]a, and the partial reaction order in aryl bromide was determined to be 0.5. 
Having established the presence of oxidative addition in the rate equation, we continued to 
establish partial reaction orders for the other reaction components. 
4.4.4 Partial Reaction Order in 8-B-4 Boronate. 
Next, the partial reaction order in boronate 4.1 was determined (Figure 4.9). In the event that 
oxidative addition of putative Pd dimer 4.4 is turnover-limiting, we anticipate a 0th order rate 
dependence on 8-B-4 4.1 and 6-B-3 4.10, and a half-order dependence on Pd catalyst 4.2. However, 
the partial reaction order with respect to boronate 4.1 was determined to be 0.89, indicating that 
an approximation to a single turnover-limiting step is inappropriate, and that transmetalation is 
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Figure 4.9. Plot of initial rate vs. the concentration of boronic ester 4.1. The rate constant was determined by fitting the 
exponential function y = kobs[4.1]a, and the partial reaction order in boronic ester was determined to be 0.89. 
The experimentally determined partial reaction order of 0.89 is close enough to unity to 
approximate a 1st order rate dependence on the concentration of 4.1. Other models can be created 
to fit the observed data – for example, two simultaneous reactions, one 0th order in 4.1, and another 
2nd order in 4.1, could generate a parabolic rate dependence with a non-zero y-intercept. However, 
such a model does not correspond to any combination of the steps laid out in Figure 4.7, nor can a 
chemically reasonable hypothesis be created as to why such a rate law would be observed. 
Therefore, it is most appropriate to assume 1st order behavior in boronate 4.1. 
4.4.5 Partial Reaction Order in 6-B-3 Boronic Ester. 
When the initial rate was measured at 4-fold differences in the concentration of boronic ester 
4.10, no deviations in the rate were observed (Figure 4.10). The partial reaction order with respect 
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Figure 4.10. Log/log plot of kobs vs concentration of boronic ester 4.10 to establish partial reaction order. 
A 0th order dependence on the concentration of boronic ester 4.10 is strong evidence against a 
path B/oxo-palladium reaction mechanism. In a path B mechanism, 6-B-3 boronic ester 4.10 plays 
two roles, one beneficial and one antagonistic. It is implicated in the transmetalation step, reacting 
with an arylpalladium-oxyanion complex, but also sequesters the base required to generate an 
arylpalladium-oxyanion complex.  Jutand and Amatore demonstrate that this dichotomy leads to a 
dependence of the partial reaction order in boron species on the concentration of boron species. 
However, in Jutand and Amatores studies, the partial reaction order in boronic acid is non-zero at 
all concentrations of boronic acid. Given the high affinity of TMSOK for boronic esters, the 
comparatively low affinity of TMSOK for Pd complexes (Section 4.3.5), and the 0th order partial 
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unreasonable to assume that transmetalation occurs through a reaction between arylpalladium 
bromide complex 4.2 and boronate 4.1. 
To complete our mechanistic picture, the partial reaction order in arylpalladium bromide 
complex 4.2 was determined. 
4.4.6 Partial Reaction Order in Arylpalladium Halide Complex 4.2. 
Over an 8-fold range of catalyst concentrations, the partial reaction order in arylpalladium 
halide was determined to be 0.55 (Figure 4.11).  
 
 
Figure 4.11. Plot of initial rate vs. the concentration of boronic ester 4.2. The rate constant was determined by fitting the 
exponential function y = kobs[4.2]a, and the partial reaction order in boronic ester was determined to be 0.55. 
The observation of a half-order rate dependence on the catalyst concentration is consistent with 
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two molecules of 4.2 that can further undergo transmetalation and reductive elimination to form 
product. 
4.4.7 Summary and Discussion of Kinetic Results. 
Overall, our kinetic investigation revealed the following partial reaction orders: half-order in 
aryl bromide 4.9, first order in 8-B-4 4.1, 0th order in 6-B-3 4.10, and half order in catalyst 4.2, 
resulting in the following rate equation: 
𝑑[𝟒. 𝟑]
𝑑𝑡 = 𝑘+,-
[𝟒. 𝟏][𝟒.𝟗]0.1[𝟒. 𝟐]0.1 
The observed half-order dependence on 4.9 and 4.2 is consistent with the reaction between 4.4 
and 4.9 (Figure 4.7, step I) being present in the rate equation. The intermediacy of 4.4 is further 
supported by the observation of 4.4 in the NMR spectra used to generate the kinetic data. Therefore, 
we conclude that in this reaction, 4.4 is an intermediate in the process of oxidative addition.  
Although the use of neopentyl boronic esters as the transmetalating partner and TMSOK as the 
base differs from “standard” Suzuki-Miyaura reactions, these differences largely affect the step of 
transmetalation. As an intermediate along the coordinate of oxidative addition, the proposed 
reaction between P(t-Bu)3Pd0 and ArPd[P(t-Bu)3]Br to form binuclear Pd complex 4.4 could take 
place in a significant number of systems. The fundamental difference, then, may be that very few 
Suzuki-Miyaura reactions are conducted at –25 °C. With the extraordinary rate of transmetalation 
observed in this system, the assumption of transmetalation as a turnover-limiting step breaks down, 
and steps that were previously kinetically silent may take center stage.  
The observation of a partial reaction order of 1 with respect to boronate 4.1 demonstrates that 
a single molecule of boronate is implicated along the path from the resting state to the turnover-
limiting transition state. We hypothesize that the role of 4.1 is to participate in a transmetalation 
reaction with 4.2 at a rate that is comparable to the oxidative addition of 4.4, with both steps 
appearing in the rate equation. As discussed in Section 4.4.5, the lack of observed rate dependence 
on 6-B-3 4.10, the first-order rate dependence on 4.1, and the observations from our studies under 
stoichiometric conditions support the conclusion that transmetalation takes place through path A, 
the boronate pathway. Altogether, the catalytic cycle shown in Figure 4.12 is put forward as 




Figure 4.12. Proposed catalytic cycle for TMSOK-mediated Suzuki-Miyaura Cross-coupling reaction. 
4.5 Conclusions. 
In conclusion, spectroscopic and kinetic data were gathered to elucidate the mechanism of the 
TMSOK-promoted Suzuki-Miyaura cross-coupling. It was determined that the strong dependence 
of reaction yield on base stoichiometry results from an inability of boronate 4.1 to react with 
arylpalladium silanolate complex 4.11, causing the reaction to stall when base is present in excess. 
Examination of the boronate and oxo-palladium pre-transmetalation pathways at stoichiometric 
concentrations revealed that the boronate pathway is very likely operative in this reaction, but the 
failure of TMSOK and arylpalladium halide complex 4.2 to form a well-defined complex when 
reacted in 1:1 stoichiometry precluded the direct comparisons of path A and B in stoichiometric 
studies. No pre-transmetalation intermediates were observed during the course of these studies – 
either the formation of the intermediate is rate-determining, or the equilibrium constant for binding 
of boronate to palladium is unfavorable. Finally, kinetic studies were performed on the reaction to 
determine the partial reaction order in each reagent, supporting the mechanism put forward in 
Figure 4.12. Perhaps most significant is the demonstration that under appropriate reaction 
conditions, transmetalation can proceed through the boronate pathway (path A) at an incredible 

















































boronates 4.1 and 4.8, and their propensity to react through path A, enabled the discovery of a new 
palladium complex 4.4, thusfar unknown in the literature to the best of our knowledge, as an 
oxidative addition intermediate in the Suzuki-Miyaura reaction. Full structural characterization of 
4.4 through mass spectrometry is ongoing and will the full results will be reported in due course. 
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Reactions were performed using glassware that had been flame-dried under vacuum or 
oven-dried (210 oC) overnight. All reactions were conducted under an inert atmosphere using 
argon connected to a drying tube equipped with phosphorous pentoxide, calcium sulfate, and 
sodium hydroxide. Solvents used for extraction were reagent grade. Reaction solvents 
tetrahydrofuran (Fisher, HPLC grade), diethyl ether (Fisher, HPLC grade), toluene (Fisher, 
HPLC grade), hexane (Fisher, HPLC grade), and methylene chloride (Fisher, HPLC grade) were 
dried by percolation through two columns packed with neutral alumina under positive pressure 
of argon (solvent dispersion system method). Benzene (ACS grade) and pentane (ACS grade) 
were distilled over sodium while methanol (ACS grade) was distilled over magnesium.  
Commercial reagents were purified by distillation or recrystallization prior to use unless 
otherwise noted. Cesium hydroxide monohydrate, pinacol, 4-bromotoluene, 2-hydroxyisobutyric 
acid, and 3,4,5,6-tetrachlorocatechol, XPHOS-PdG3 were all purchased from Aldrich. 3-
Methoxycatechol and 1,4-dihydroxyanthraquinone were purchased from Alfa Aesar. Sodium 
tetraphenylborate was purchased from Mallinkrodt Chemical. 4-Fluorophenylboronic acid, 1,4-
fluoroiodobenzene, and 1,4-difluorobenzene were all purchased from Oakwood Products. The 
following compounds were prepared by literature methods: 4-fluorophenylboroxine,1 potassium 
4-fluorophenyltrihydroxyboronate,2 1,4-dimethoxydibenzo[b,f][1,4]dioxocine-6,11-dione,3 
Fremy’s salt,4 and 4,5-dimethoxycatechol.5  
1H, 13C, 19F, and 31P, spectra were recorded on a Varian Unity, Agilent, or Bruker Avance 
600 MHz spectrometers (1H, 151 MHz; 13C, 565 MHz; 19F, 243 MHz; 31P, 193 MHz). 11B NMR 
spectra were reordered on a Varian Unity 400 MHz (11B NMR, 129 MHz). 
Spectra are referenced to residual chloroform (7.26 ppm, 1H; 77.00 ppm, 13C), residual 
THF (1.72 ppm, 1H; 68.21 ppm, 13C), 1,4-difluorobenzene (–120.00 ppm, 19F), Ph4BNa (−6.14 
ppm, 11B), triisopropylphosphine (19.00 ppm, 31P), and external HBF4•OEt2 (0.00 ppm, 11B). 
Chemical shifts are reported in ppm, multiplicities are indicated by s (singlet), d (doublet), t 
(triplet), q (quartet), p (pentet), h (hextet), m (multiplet) and br (broad).  Coupling constants, J, 





Experiment 5.1: Characterization of Catechol Ester Complex (2.4b) 
 
An oven-dried, NMR tube was charged with catechol 4-fluorophenylboronic ester 2.4b 
(22.5 mg, 105 µmol, 1.0 equiv) and 500 µL of THF-d8 yielding a 0.210 M solution. 
An oven dried, 5-mm, quartz NMR tube was charged with [(i-Pr3P)Pd(4-FC6H4)(µ-OH)]2 
2.1, (7.58 mg, 10 µmol, 1.0 equiv) and 500 µL of THF-d8 followed by sonication for ~2 min. The 
tube was shaken and placed into a −78 °C dry ice acetone bath followed by the addition of the 
catechol 4-fluorophenylboronic ester solution (95 µL, 20 µmol, 2.0 equiv) by syringe. The tube 
was vortexed (not shaken), quickly cleaned with a Kimwipe and placed into the −78 °C bath. 
The tube was then placed into the probe of the NMR spectrometer pre-cooled to −55 °C. The 
sample was found to be stable for ~3-4 h at −55 °C. The complex was characterized by 1D and 
2D NMR experiments over a course of multiple experiments. 
Data for 2.4b: 
1H NMR: (600 MHz, THF-d8) 
7.66 (m, 2H, HC(8)), 7.31 (m, 2H, HC(3)), 6.90 (m, 2H, HC(9)), 6.82 (m, 2H, 
CH(2)), 6.38 (m, 2H, CH(12)), 6.20 (m, 2H, CH(13)), 5.00 (broad, HO), 2.28 (m, 
3H, HC(5)), 1.24 (m, 18H, HC(6)) 
 
13C NMR: (151 MHz, THF-d8) 
164.64, 163.06 (d, 1J(F-C) = 241 Hz, 1 C(10)), 163.80, 162.20 (d, 1J(F-C) = 240 
Hz, 1 C(1)), 153.88 (s, 2 C(11)), 144.52 (Obs. in HMBC, 1 C(4)), 138.02 (m, 2 
C(8)), 136.85 (Obs. in HMBC, 1 C(7)), 135.02, 134.98 (d, 3J(F-C) = 7 Hz 2 C(3)), 
119.28 (s, 2 C(12)), 115.48, 115.34 (d, 2J(F-C) = 18 Hz, 2 C(9)), 114.88, 114.75 




































-78 ∘C then -55  ∘C
  
 121 
19F NMR: (565 MHz, THF-d8) 
  −117.43 (s, FC(10)), −120.77 (s, FC(1)),  
31P NMR: (243 MHz, THF-d8) 
  51.85 (s, P(Pd)) 
11B NMR: (129 MHz, THF-d8) 































































































































































































































































































Figure 5.7. 1D-Phase cycled NOE spectrum at −55 °C (CH3 irradiated at 1.24 ppm) (TOP) and 1H NMR spectrum (bottom) at 

















Experiment 5.2: Characterization of Glycol Ester Complex (2.4g) 
 
In a glovebox, an oven-dried, 5-mm NMR tube was charged with glycol 4-
fluorophenylboronic ester 2.2g (17.4 mg, 105 µmol) and 500 µL of THF-d8 yielding a 0.210 M 
solution. Also in a glovebox, an oven dried, 5-mm, quartz NMR tube was charged with [(i-
Pr3P)Pd(4-FC6H4)(µ-OH)]2 2.1,  (7.58 mg, 10 µmol, 1.0 equiv) and 500 µL of THF-d8. Each tube 
was sealed with a septum and removed from the glovebox. The tube containing palladium 
complex 2.1 was sonicated for ~1 min, then vortexed and placed into a −78 °C dry ice acetone 
bath followed by the addition of the glycol 4-fluorophenylboronic ester solution (95 µL, 20 
µmol, 2.0 equiv) by syringe. The tube was vortexed (not shaken), quickly cleaned with a 
Kimwipe and placed into the −78 °C bath. The tube was then placed into the probe of the NMR 
spectrometer pre-cooled to −80 °C. Multiple species were observed, and the spectrometer was 
warmed to – 70 ºC for 4 min, which caused the multiple species to decay primarily into the 
palladium complex 2.4g as monitored in the 1H and 19F NMR spectra. The NMR was then re-
cooled to -80 ºC. The sample was found to be stable for ~4 h at −80 °C. The complex was 
characterized by 1D and 2D NMR experiments over a course of multiple experiments. 
Data for 2.4g: 
1H NMR: (600 MHz, THF-d8) 
7.56 (m, 2H, HC(3)), 7.36 (m, 2H, HC(8)), 6.92 (m, 2H, HC(9)), 6.82 (m, 2H, 
HC(2)), 4.27 (m, 1H, HC(12)), 3.88 (m, 1H, HC(11)), 3.55 (m, 1H, HC(12)), 3.23 
(m, 1H, HC(11)), 2.15 (m, 3H, HC(5)), 1.23 (m, 18H, HC(6)) 
19F NMR: (565 MHz, THF-d8) 




















































































































































Figure 5.10. 1D-Phase cycled NOE spectrum at −80 °C (CH3 irradiated at 1.23 ppm) (TOP) and 1H NMR spectrum (bottom) at 




























Figure 5.11. 1D-Phase cycled NOE spectrum at −80 °C (CH irradiated at 3.88 ppm) (top) and 1H NMR spectrum at −80 °C 




























Figure 5.12. 1D-Phase cycled NOE spectrum at −80 °C (CH irradiated at 3.23 ppm) (top) and 1H NMR spectrum at −80 °C 




























Figure 5.13. 1D-Phase cycled NOE spectrum at −80 °C (CH irradiated at 4.27 ppm) (top) and 1H NMR spectrum at −80 °C 
























































Experiment 5.3: Cross-coupling Product Formation from Boronic Acid Complex 2.4a. 
 
A 5-mL volumetric flask was charged with 4-fluorophenylboroxine (128 mg, 350 µmol) 
followed by H2O (19 µL, 3.0 equiv, 1.05 mmol). Then ~2 mL of THF was added followed by 
sonication until the solid had dissolved. Once dissolved the flask was filled to the mark with 
THF (SDS) generating a 0.21 M solution. 
A 2-mL volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
dissolving with THF (SDS) to the 2-mL mark. An oven dried, 5-mm, NMR tube was taken into 
the dry box and 500 µL of the freshly prepared solution was added. The tube was capped with a 
septum and Teflon taped. The sample was removed from the glove box and inserted into a −78 
°C acetone dry-ice bath followed by the addition of (95 µL, 20.5 µmol, 2.0 equiv) of 4-
fluorophenylboronic acid Stock Sol. via a 100 µL glass syringe. The NMR tube was vortexed 
(not shaken), and cleaned with a Kimwipe then placed into the NMR probe set to −30 °C.  
Using the fluorine channel to collect a spectrum every 162 s, the progress of the reaction 
was monitored by the decay of the 8-B-4 complex (−123.20 ppm) and formation of cross-
coupling product (−116.45 ppm) in comparison with the internal reference 1,4-difluorobenzene 
(−120.00 ppm). The first order decay and formation profiles were fitted with OrginPro 2015 
software using equation 5.1 and 2 respectively. This procedure was performed three times to 
obtain an average rate (44).  
Equation 5.1 
[𝐴] = [𝐴]%𝑒'() 
Equation 5.2 












THF, -78 ∘C then  -30 ∘C
2.0 equiv



















Figure 5.15. 19F NMR spectrum of 2.4a at −30 °C, referenced to 1,4-difluorobenzene (−120 ppm). 
 




k (s−1)  
 (Form CCP) 
A0 [mM]  
(Decay 8-B-4) 
A0 [mM]  
(Form CCP) 
Run 1 (8.24 ± 0.09) x 10−4 (6.47 ± 0.02) x 10−4 23.11 ± 0.20 21.34 ± 0.23 
Run 2 (8.47 ± 0.02) x 10−4 (6.00 ± 0.02) x 10−4 21.94 ± 0.24 21.95 ± 0.30 
Run 3 (6.06 ± 0.01) x 10−4 (4.85 ± 0.02) x 10−4 24.13 ± 0.29 21.49 ± 0.34 
k avg. Decay of 8-B-4 = (7.59 ± 0.58) x 10−4 s−1 























Figure 5.16. Decay of complex 2.4a and formation of 2.5 (Run 1). 
 
Table 5.2. Data for the decay of complex 2.4a and formation of 2.5 (Run 1). 
time (s) 
Integral IS  
(−120.00 ppm) 
Integral 8-B-4  
(−123.20 ppm) 






162 4772 4605 653 19.72 1.40 
324 4695 4047 1502 17.62 3.27 
486 4656 3642 2405 15.99 5.28 
648 4853 3180 3315 13.39 6.98 
810 4692 2837 3997 12.36 8.71 
972 4676 2463 4683 10.77 10.23 
1134 4687 2125 5326 9.27 11.61 
1296 4720 1812 5860 7.85 12.69 
1458 4770 1535 6092 6.58 13.05 
1620 4795 1386 6413 5.91 13.67 
1782 4738 1255 6798 5.41 14.66 
1944 4657 1078 7122 4.73 15.63 
2106 4864 947 7563 3.98 15.89 
2268 4786 800 7565 3.42 16.15 
2430 4802 695 7878 2.96 16.77 
2592 4786 593 7964 2.53 17.01 
2754 4866 539 8305 2.26 17.44 
2916 4713 473 8483 2.05 18.39 
3078 4722 408 8531 1.76 18.46 
3240 4786 377 8677 1.61 18.53 
3402 4673 320 8804 1.40 19.26 
3564 4600 267 8954 1.19 19.89 
3726 4708 281 9106 1.22 19.77 
3888 4731 187 9166 0.81 19.80 
4050 4790 192 9076 0.82 19.36 
4212 4789 211 9348 0.90 19.95 
  
 140 
Table 5.2. (cont.) 
4374 4742 151 9259 0.65 19.96 
4536 4714 92 9115 0.40 19.76 
 
 
Figure 5.17. Decay of complex 2.4a and formation of 2.5 (Run 2). 
 
Table 5.3. Data for the decay of complex 2.4a and formation of 2.5 (Run 2). 
time (s) 
Integral IS  
(−120.00 ppm) 
Integral 8-B-4  
(−123.20 ppm) 






162 4621 4373 479 19.34 1.06 
324 4606 3587 1305 15.92 2.90 
486 4579 3236 2176 14.44 4.86 
648 4625 2837 2990 12.54 6.61 
810 4527 2531 3639 11.43 8.21 
972 4446 2207 4342 10.14 9.98 
1134 4546 1949 4800 8.76 10.79 
1296 4519 1723 5284 7.79 11.95 
1458 4672 1436 5800 6.28 12.69 
1620 4521 1266 6196 5.72 14.01 
1782 4633 1054 6633 4.65 14.63 
1944 4580 907 6957 4.05 15.52 
2106 4575 812 7250 3.63 16.19 
2268 4579 725 7298 3.24 16.29 
2430 4484 598 7769 2.73 17.71 
2592 4662 535 7970 2.35 17.47 
2754 4534 464 8011 2.09 18.06 
2916 4687 400 8122 1.75 17.71 
3078 4545 331 8016 1.49 18.03 
3240 4505 285 8337 1.29 18.92 
3402 4620 209 8401 0.92 18.58 
      
  
 141 
Table 5.3. (cont.) 
3564 4515 208 8638 0.94 19.55 
3726 4599 146 8853 0.65 19.68 
3888 4620 153 8768 0.68 19.39 
4050 4554 134 8968 0.60 20.13 
4212 4539 99 9031 0.45 20.33 
4374 4537 68 8991 0.31 20.25 




Figure 5.18. Decay of complex 2.4a and formation of 2.5 (Run 3). 
 
Table 5.4. Data for the Decay of Complex 2.4a and Formation of 2.5. (Run 3). 
time (s) 
Integral IS  
(−120.00 ppm) 
Integral 8-B-4  
(−123.20 ppm) 






162 4662 4875 416 21.37 0.91 
324 4647 4428 1043 19.48 2.29 
486 4520 4159 1743 18.81 3.94 
648 4645 3736 2452 16.44 5.39 
810 4508 3378 3040 15.32 6.89 
972 4480 3102 3564 14.15 8.13 
1134 4684 2739 4086 11.95 8.91 
1296 4573 2497 4520 11.16 10.10 
1458 4633 2170 5034 9.57 11.10 
1620 4644 1886 5361 8.30 11.80 
1782 4586 1705 5800 7.60 12.92 
1944 4648 1569 6068 6.90 13.34 
2106 4596 1434 6239 6.38 13.87 




Table 5.4. (cont.) 
2430 4582 1206 6762 5.38 15.08 
2592 4475 1083 6745 4.95 15.41 
2754 4590 974 7117 4.34 15.85 
2916 4676 956 7234 4.18 15.81 
3078 4485 856 7369 3.90 16.79 
3240 4686 811 7588 3.54 16.55 
3402 4553 728 7806 3.27 17.52 
3564 4570 622 8093 2.78 18.10 
3726 4590 647 8029 2.88 17.88 
3888 4623 606 8045 2.68 17.79 
4050 4593 531 8211 2.36 18.27 
4212 4623 448 8408 1.98 18.59 
4374 4500 451 8429 2.05 19.14 





Experiment 5.4: Cross-coupling Product Formation from Catechol Complex 2.4b. 
 
A oven dried 5-mm NMR tube was charged with freshly sublimed 4-fluorophenylboronic 
acid catechol ester (23 mg, 107 µmol) followed by 500 µL of THF (NaK) generating a 21 mM 
solution. 
A 2-mL volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
dissolving with THF (SDS) to the 2-mL mark. An oven dried, 5-mm, NMR tube was taken into 
the dry box and 500 µL of the freshly prepared solution was added. The tube was capped with a 
septum and Teflon taped. The sample was removed from the glove box and inserted into a −78 
°C acetone dry-ice bath followed by the addition of (95 µL, 20.3 µmol, 2.0 equiv) of 4-
fluorophenylboronic acid catechol ester Stock Sol. via a 100 µL glass syringe. The NMR tube 
was vortexed (not shaken), and cleaned with a Kimwipe then placed into the NMR probe set to 
−30 °C. 
Using the fluorine channel to collect a spectrum every 37 s, the progress of the reaction 
was monitored by the decay of the ester complex (−117.36 ppm) and formation of cross-coupling 
product (−116.45 ppm) in comparison with the internal reference 1,4-difluorobenzene (−120.00 
ppm). The first order decay and formation profiles were fitted with OrginPro 2015 software 
using equations xx and xx respectively. This procedure was performed three times to obtain an 
average rate. The rate obtained was used to calculate ΔG‡ using the Eyring equation 5.3. 
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Figure 5.19. 19F NMR spectrum of 2.4b at −30 °C, referenced to 1,4-difluorobenzene (−120 ppm). 
 










Run 1 (2.98 ± 0.19) x 10−3 (2.06 ± 0.74) x 10−3 24.44 ± 0.67 22.88 ± 0.26 
Run 2 (3.35 ± 0.13) x 10−3 (2.34 ± 0.10) x 10−3 30.31 ± 0.86 23.28 ± 0.30 
Run 3 (3.08 ± 0.14) x 10−3 (3.00 ± 0.12) x 10−3 27.79 ± 0.90 18.91 ± 0.19 
k avg. Decay of 8-B-4 = (3.13± 0.16) x 10−3 s−1 
k avg. Formation of CCP = (2.46 ± 0.39) x 10−3 s−1 























Figure 5.20. Decay of complex 2.4b and formation of 2.5 (Run 1). 
 












37 1929 1871 121 19.82 0.64 
74 1613 1644 380 20.83 2.40 
111 1558 1499 644 19.67 4.22 
148 1448 1274 905 17.98 6.39 
185 1502 1025 1078 13.95 7.34 
222 1491 878 1371 12.04 9.40 
259 1499 742 1474 10.13 10.05 
296 1563 718 1572 9.39 10.28 
333 1305 579 1752 9.08 13.72 
370 1546 507 1845 6.70 12.20 
407 1494 465 1966 6.36 13.45 
444 1424 431 2005 6.19 14.40 
481 1479 371 2080 5.12 14.37 
518 1481 279 2181 3.85 15.05 
555 1395 313 2279 4.59 16.70 
592 1496 204 2322 2.79 15.87 
629 1403 221 2338 3.22 17.03 
666 1504 243 2461 3.30 16.72 
703 1480 242 2418 3.34 16.70 
740 1438 181 2466 2.57 17.52 
777 1537 193 2545 2.57 16.93 
814 1443 215 2573 3.04 18.23 
851 1420 230 2671 3.31 19.22 
888 1467 174 2719 2.42 18.94 




Table 5.6. (cont.) 
962 1467 135 2663 1.88 18.55 
999 1475 148 2710 2.05 18.78 
1036 1438 129 2747 1.84 19.52 
1073 1500 113 2776 1.54 18.91 
1110 1486 94 2819 1.29 19.39 
1147 1449 111 2792 1.57 19.69 
1184 1428 102 2881 1.45 20.63 
1221 1446 115 2925 1.62 20.68 
1258 1447 100 2840 1.41 20.06 
1295 1374 72 2905 1.08 21.61 
1332 1396 64 2956 0.94 21.64 
1369 1347 69 2859 1.05 21.70 
1406 1369 85 2952 1.27 22.04 
1443 1337 62 2949 0.95 22.54 
1480 1337 60 2978 0.91 22.76 
1517 1402 51 2980 0.74 21.73 
1554 1390 57 3018 0.83 22.19 
1591 1366 63 3059 0.94 22.88 
1628 1386 7 2993 0.10 22.06 
1665 1381 42 3100 0.63 22.94 
1702 1412 43 3000 0.62 21.71 
1739 1412 32 3061 0.46 22.16 
1776 1358 1 3038 0.01 22.86 
1813 1383 21 3051 0.31 22.55 
1850 1338 10 3113 0.15 23.77 
 
















37 1818 2120 79 23.83 0.44 
74 1327 1703 346 26.22 2.67 
111 1254 1478 691 24.10 5.63 
148 1270 1122 903 18.05 7.27 
185 1322 1097 1178 16.97 9.11 
222 1357 939 1366 14.14 10.29 
259 1342 782 1549 11.92 11.80 
296 1308 615 1694 9.60 13.24 
333 1293 663 1787 10.47 14.12 
370 1451 596 1920 8.39 13.53 
407 1507 452 2073 6.13 14.06 
444 1465 414 2159 5.77 15.06 
481 1291 359 2162 5.68 17.11 
518 1489 276 2308 3.79 15.85 
555 1461 245 2421 3.42 16.94 
592 1503 228 2446 3.10 16.63 
629 1529 306 2633 4.09 17.60 
666 1391 233 2562 3.42 18.82 
703 1536 238 2692 3.17 17.91 
740 1545 245 2793 3.25 18.47 
777 1554 216 2776 2.84 18.26 
814 1420 235 2711 3.38 19.51 
851 1517 179 2903 2.42 19.56 
888 1480 170 2909 2.35 20.09 
925 1522 159 2844 2.14 19.10 
962 1489 182 2910 2.50 19.98 
999 1532 138 3178 1.84 21.19 
1036 1589 120 3255 1.55 20.94 
1073 1418 126 2923 1.82 21.06 
1110 1504 124 3072 1.69 20.88 
1147 1531 126 3266 1.68 21.80 
1184 1549 113 3319 1.49 21.90 
1221 1479 114 3065 1.57 21.18 
1258 1540 88 3393 1.16 22.52 
1295 1483 105 3220 1.45 22.20 
1332 1577 78 3497 1.02 22.66 
1369 1519 50 3341 0.67 22.48 
1406 1472 65 3326 0.91 23.09 
  
 148 
Table 5.7. (cont.) 
1443 1484 39 2889 0.54 19.90 
1480 1504 51 3181 0.70 21.61 
1517 1539 47 3315 0.62 22.02 
1554 1392 45 3136 0.66 23.03 
1591 1532 8 3060 0.10 20.41 
1628 1452 6 3443 0.08 24.24 
1665 1523 4 3545 0.05 23.79 
1702 1499 42 3577 0.57 24.39 
1739 1522 32 3435 0.43 23.06 
1776 1303 5 3261 0.08 25.58 
1813 1433 5 3400 0.07 24.24 
1850 1459 8 3393 0.11 23.77 
 
 
Figure 5.22. Decay of complex 2.4b and formation of 2.5 (Run 3). 
 












37 1922 1895 76 20.16 0.40 
74 1311 1743 303 27.16 2.36 
111 1319 1384 667 21.45 5.17 
148 1367 1253 926 18.73 6.92 
185 1421 1078 1170 15.51 8.41 
222 1275 913 1239 14.63 9.93 
259 1417 777 1500 11.21 10.82 
296 1376 689 1610 10.23 11.95 
333 1482 626 1729 8.64 11.92 
370 1448 605 1881 8.54 13.28 




Table 5.8. (cont.) 
444 1423 442 2106 6.35 15.12 
481 1502 432 2145 5.88 14.60 
518 1443 419 2214 5.93 15.68 
555 1514 318 2323 4.30 15.68 
592 1573 358 2359 4.65 15.33 
629 1616 304 2471 3.85 15.63 
666 1679 260 2492 3.16 15.17 
703 1643 257 2578 3.20 16.04 
740 1575 214 2611 2.77 16.94 
777 1662 205 2588 2.52 15.92 
814 1735 235 2690 2.77 15.85 
851 1739 157 2774 1.84 16.30 
888 1718 181 2810 2.15 16.72 
925 1780 213 2903 2.44 16.66 
962 1526 173 2870 2.31 19.23 
999 1732 135 2940 1.60 17.35 
1036 1687 119 2972 1.44 18.01 
1073 1678 160 2964 1.95 18.06 
1110 1710 132 3048 1.58 18.21 
1147 1700 145 2953 1.74 17.75 
1184 1819 105 3098 1.18 17.41 
1221 1824 109 3065 1.22 17.18 
1258 1657 106 3156 1.31 19.47 
1295 1723 126 3094 1.50 18.35 
1332 1685 76 3153 0.92 19.13 
1369 1766 90 3187 1.05 18.45 
1406 1780 78 3148 0.90 18.08 
1443 1683 66 3166 0.81 19.23 
1480 1778 -3 3186 -0.03 18.31 
1517 1793 59 3312 0.67 18.88 
1554 1662 52 3124 0.64 19.21 
1591 1733 49 3212 0.58 18.94 
1628 1731 64 3183 0.76 18.79 
1665 1744 -37 3248 -0.43 19.04 
1702 1709 3 3299 0.04 19.73 
1739 1801 37 3211 0.42 18.22 
1776 1698 42 3365 0.51 20.25 
1813 1775 48 3422 0.55 19.70 




Experiment 5.5: Eyring analysis of Cross-coupling Formation from Complex 2.4c. 
 
A 2-dram vial was charged with 4-fluorophenyl tetrachlorocatechol ester (74.1 mg, 211 
µmol) followed by 1 mL of THF generating a 21.1 mM solution. 
A 2-mL volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
dissolving with THF (SDS) to the 2-mL mark. An oven dried, 5-mm, NMR tube was taken into 
the dry box and 500 µL of the freshly prepared solution was added. The tube was capped with a 
septum and Teflon taped. The sample was removed from the glove box and inserted into a −78 
°C acetone dry-ice bath followed by the addition of (95 µL, 20.5 µmol, 2.0 equiv) of 4-
fluorophenylboronic acid Stock Sol. via a 100 µL glass syringe. The NMR tube was vortexed 
(not shaken), and cleaned with a Kimwipe then placed into the NMR probe set to 294.1, 289.1, 
284.1 or 278.1 K. 
Using the fluorine channel to collect the spectra, the progress of the reaction was 
monitored by the formation of cross-coupling product (−116.45 ppm) in comparison with the 
internal reference 1,4-difluorobenzene (−120.00 ppm). The first formation profiles were fitted 
with OrginPro 2015 software using equation 5.2. This procedure was performed three times to 













































































Table 5.9. Results from the Cross-Coupling Reaction. 





1 293.15 (4.72± 0.04) x 10−3 16.43 ± 0.52 
2 293.15 (3.41 ± 0.01) x 10−3 18.12 ± 0.35 
3 293.15 (2.29 ± 0.02) x 10−3 18.52 ± 0.79 
4 288.15 (1.86 ± 0.03) x 10−3 19.52 ± 0.12 
5 288.15 (1.67 ± 0.07) x 10−3 17.83 ± 0.29 
6 288.15 (2.09 ± 0.02) x 10−3 15.79 ± 0.63 
7 283.15 (1.01 ± 0.04) x 10−3 15.16 ± 0.24 
8 283.15 (1.22 ± 0.04) x 10−3 14.27 ± 0.23 
9 283.15 (1.05 ± 0.05) x 10−3 17.43 ± 0.32 
10 278.15 (4.09 ± 0.01) x 10−4 18.20 ± 0.19 
11 278.15 (4.28 ± 0.01) x 10−4 17.63 ± 0.16 
12 278.15 (4.58 ± 0.02) x 10−4 17.50 ± 0.25 
 
Table 5.10. Averages of Results from the Cross-Coupling Reaction. 
Entry T (K) 
k (s−1) 
(Avg. form CCP) 
1 294.1 (3.47 ± 0.12) x 10−3 
2 289.1 (1.87 ± 0.21) x 10−3 
3 284.1 (1.09 ± 0.11) x 10−3 
4 278.1 (4.31 ± 0.25) x 10−4 
 
Table 5.11. Data for Eyring Analysis. 
Entry T (K) kavg-decay (s−1) ln(k/T) 1/T 
1 294.1 (3.47 ± 0.12) x 10−3 -13.38 0.003583 
2 289.1 (1.87 ± 0.21) x 10−3 -12.47 0.003520 
3 284.1 (1.09 ± 0.11) x 10−3 -11.95 0.003459 






Figure 5.24. Eyring plot. 
 
 
Table 5.12. Results from Eyring Analysis. 
Entry Value 
ΔG‡ 20.66 ± 1.7 (kcal/mol) at −30 °C 
ΔH‡ 21.60 ± 1.7 (kcal/mol) 
ΔS‡ −0.0038 ± 0.0045 (kcal/mol•K) 
k–30°C (1.30 ± 0.40) x 10−6 
 
 
Figure 5.25. Formation of 2.5 from complex 2.4c at 20 °C (Run 1). 
 
 
y = −(10870 ± 877)x + (25.7 ± 3.1























33 248.473 38.3647 1.58 
66 221.663 87.6254 4.04 
99 221.201 121.411 5.61 
132 220.794 145.08 6.72 
165 217.056 167.641 7.89 
198 221.18 188.842 8.73 
231 215.734 206.46 9.78 
264 217.344 227.859 10.71 
297 220.085 241.648 11.22 
330 217.372 254.48 11.96 
363 213.343 267.4 12.81 
396 214.811 277.103 13.18 
429 216.207 291.46 13.78 
462 209.161 301.514 14.73 
495 204.432 307.81 15.39 
528 207.448 313.016 15.42 
561 212.509 318.933 15.34 
594 211.714 325.345 15.71 




Figure 5.26. Formation of 2.5 from complex 2.4c at 20 °C (Run 2). 
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33 196.0470 79.4113 4.14 
66 192.2150 103.6470 5.51 
99 186.4060 125.2480 6.87 
132 185.0070 144.4990 7.98 
165 185.2990 165.0910 9.11 
198 185.3430 180.1260 9.93 
231 185.0960 190.5640 10.52 
264 190.0660 204.3060 10.99 
297 183.1760 211.3570 11.79 
330 183.6580 225.0060 12.52 
363 188.7000 236.5820 12.81 
396 192.7990 246.5080 13.07 
429 181.5090 253.0710 14.25 
462 186.7070 254.9930 13.96 
495 176.5640 262.2920 15.18 
528 178.9270 269.7250 15.41 
561 176.0240 272.2920 15.81 
594 175.1570 274.7450 16.03 
627 175.8150 277.6110 16.14 
 
 
Figure 5.27. Formation of 2.5 from complex 2.4c at 20 °C (Run 3). 
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33 153.34 11.13 0.74 
66 142.64 26.97 1.93 
99 140.71 50.20 3.65 
132 136.46 60.38 4.52 
165 136.80 76.48 5.71 
198 139.66 91.80 6.72 
231 136.58 103.35 7.73 
264 139.25 111.95 8.22 
297 139.17 126.25 9.27 
330 135.92 132.44 9.96 
363 134.09 140.11 10.68 
396 136.57 147.99 11.07 
429 131.65 154.21 11.97 
462 134.80 159.18 12.07 
495 130.81 167.22 13.06 
528 131.83 171.02 13.26 
561 133.38 171.06 13.11 
594 133.20 175.73 13.48 
627 64.82 86.26 13.60 
 
 












33 216.49 25.44 1.20 
66 198.68 49.63 2.55 
99 197.11 75.38 3.91 
132 197.52 94.81 4.91 
165 195.46 111.31 5.82 
198 195.67 126.43 6.60 
231 195.10 136.76 7.16 
264 197.03 150.99 7.83 
297 195.95 160.38 8.36 
330 196.33 174.32 9.07 
363 194.38 182.61 9.60 
396 195.45 195.58 10.23 
429 196.16 202.01 10.52 
462 194.73 212.68 11.16 
495 192.78 219.19 11.62 
528 196.74 230.92 12.00 
561 196.40 235.50 12.25 
594 194.55 242.05 12.71 
627 193.46 249.74 13.19 
660 194.00 252.10 13.28 
693 190.98 261.75 14.01 
726 193.90 272.54 14.36 
759 191.89 269.94 14.38 
792 193.80 283.23 14.94 
825 190.65 286.03 15.33 
858 192.61 288.40 15.30 
891 192.48 296.87 15.76 
924 190.42 297.58 15.97 
957 190.51 307.65 16.50 
990 191.67 303.89 16.20 
1023 191.20 318.00 17.00 
1056 192.57 315.16 16.73 
1089 193.27 317.73 16.80 
1122 192.48 319.52 16.97 
1155 191.98 322.06 17.14 
1188 196.72 329.96 17.14 
1221 190.54 330.66 17.74 




Table 5.16. (cont.) 
1287 192.04 341.68 18.18 
1320 194.20 337.80 17.78 
1353 193.68 341.03 18.00 
1386 197.51 349.10 18.06 
1419 194.73 351.02 18.42 
1452 193.98 346.37 18.25 
1485 196.79 351.88 18.27 
1518 198.20 355.99 18.36 
1551 195.22 354.84 18.58 
1584 196.40 351.38 18.28 
1617 195.34 359.05 18.79 




Figure 5.29. Formation of 2.5 from complex 2.4c at 15 °C (Run 2). 
 








33 312.53 23.41 0.77 
66 265.24 67.81 2.61 
99 265.69 103.52 3.98 
132 252.93 118.04 4.77 
165 261.45 125.46 4.90 




Table 5.17. (cont.) 
231 257.33 161.89 6.43 
264 262.25 171.53 6.68 
297 259.44 186.37 7.34 
330 252.12 195.70 7.93 
363 263.89 212.27 8.22 
396 258.78 226.48 8.94 
429 262.29 223.98 8.73 
462 249.74 233.99 9.58 
495 251.07 247.67 10.08 
528 249.79 256.67 10.50 
561 258.84 274.30 10.83 
594 258.72 273.39 10.80 
627 262.37 282.67 11.01 
660 264.07 292.85 11.33 
693 269.06 296.16 11.25 
726 266.20 298.32 11.45 
759 244.91 307.70 12.84 
792 246.95 315.06 13.04 
825 243.85 311.73 13.06 
858 258.06 315.56 12.50 
891 237.57 335.45 14.43 
924 257.45 340.32 13.51 
957 231.71 340.69 15.03 
990 252.45 348.05 14.09 
1023 249.71 346.97 14.20 
1056 252.92 346.82 14.01 
1089 251.61 360.50 14.64 
1122 239.83 358.54 15.28 
1155 224.87 353.14 16.05 
1188 227.40 366.70 16.48 
1221 234.89 361.30 15.72 
1254 252.59 377.47 15.27 
1287 249.22 377.41 15.48 
1320 236.73 365.43 15.78 
1353 238.53 377.67 16.18 
1386 241.14 387.20 16.41 
1419 239.95 392.20 16.70 
1452 237.13 387.82 16.71 
1485 246.08 391.27 16.25 
1518 241.31 391.12 16.57 
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Table 5.17. (cont.) 
1551 242.76 382.81 16.12 
1584 243.62 398.71 16.73 
1617 243.16 394.34 16.57 
1650 242.68 406.90 17.14 
 
 
Figure 5.30. Formation of 2.5 from complex 2.4c at 15°C (Run 3). 
 








33 312.53 23.41 0.77 
66 265.24 67.81 2.61 
99 265.69 103.52 3.98 
132 252.93 118.04 4.77 
165 261.45 125.46 4.90 
198 257.81 146.63 5.81 
231 257.33 161.89 6.43 
264 262.25 171.53 6.68 
297 259.44 186.37 7.34 
330 252.12 195.70 7.93 
363 263.89 212.27 8.22 
396 258.78 226.48 8.94 
429 262.29 223.98 8.73 
462 249.74 233.99 9.58 
495 251.07 247.67 10.08 
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Table 5.18. (cont.) 
528 249.79 256.67 10.50 
561 258.84 274.30 10.83 
594 258.72 273.39 10.80 
627 262.37 282.67 11.01 
660 264.07 292.85 11.33 
693 269.06 296.16 11.25 
726 266.20 298.32 11.45 
759 244.91 307.70 12.84 
792 246.95 315.06 13.04 
825 243.85 311.73 13.06 
858 258.06 315.56 12.50 
891 237.57 335.45 14.43 
924 257.45 340.32 13.51 
957 231.71 340.69 15.03 
 
 
Figure 5.31. Formation of 2.5 from complex 2.4c at 10 °C (Run 1). 
 








164 166.77 48.31 83.39 
328 161.59 77.16 80.80 
492 162.89 100.71 81.44 
656 161.68 119.66 80.84 
820 161.78 136.99 80.89 
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Table 5.19. (cont.) 
984 164.33 151.86 82.17 
1148 163.55 164.38 81.77 
1312 163.48 176.27 81.74 
1476 166.70 186.28 83.35 
1640 166.87 193.82 83.44 
1804 167.78 202.34 83.89 
1968 169.24 210.30 84.62 
2132 169.39 216.34 84.69 
2296 163.05 225.69 81.53 
2460 166.53 230.19 83.27 
2624 167.74 236.49 83.87 
2788 169.67 240.06 84.84 
2952 171.34 244.36 85.67 
3116 172.96 247.60 86.48 
 
 
Figure 5.32. Formation of 2.5 from complex 2.4c at 10 °C (Run 2). 
 








33 245.27 6.94 0.29 
66 214.76 23.89 1.14 
99 205.08 43.46 2.17 
132 207.80 56.75 2.79 




Table 5.20. (cont.) 
198 205.49 73.65 3.66 
231 206.50 86.08 4.26 
264 208.88 90.16 4.41 
297 203.41 97.17 4.88 
330 205.51 101.04 5.02 
363 204.71 109.21 5.45 
396 205.95 115.79 5.75 
429 208.72 121.38 5.94 
462 204.86 124.14 6.19 
495 204.21 132.30 6.62 
528 204.47 135.03 6.75 
561 203.91 141.53 7.09 
594 204.53 144.42 7.22 
627 201.53 149.68 7.59 
660 203.47 154.11 7.74 
693 203.96 160.55 8.04 
726 200.30 162.89 8.31 
759 204.26 170.03 8.51 
792 203.03 174.33 8.78 
825 200.53 175.84 8.96 
858 201.97 179.87 9.10 
891 200.87 184.30 9.38 
924 203.68 188.62 9.46 
957 200.25 192.49 9.82 
990 201.48 194.87 9.89 
1023 200.53 198.90 10.14 
1056 200.81 197.17 10.03 
1089 200.99 205.88 10.47 
1122 203.25 209.54 10.54 
1155 202.22 210.52 10.64 
1188 201.99 215.03 10.88 
1221 201.45 219.09 11.11 
1254 198.61 221.26 11.39 
1287 199.68 225.89 11.56 
1320 199.66 226.49 11.59 
1353 200.10 231.44 11.82 
1386 202.55 234.06 11.81 
1419 201.66 236.28 11.97 
1452 203.00 239.44 12.05 
1485 201.95 241.25 12.21 
  
 164 
Table 5.20. (cont.) 
1518 202.74 242.00 12.20 
1551 200.24 245.25 12.52 
1584 199.63 245.99 12.59 
1617 200.29 253.22 12.92 
1650 206.21 256.28 12.70 
 
 
Figure 5.33. Formation of 2.5 from complex 2.4c at 10 °C (Run 3). 
 








164 141.81 56.95 4.10 
328 138.66 79.62 5.87 
492 137.97 100.00 7.41 
656 139.12 118.47 8.70 
820 138.29 133.70 9.88 
984 136.85 147.92 11.05 
1148 136.74 160.13 11.97 
1312 136.95 171.91 12.83 
1476 136.37 181.50 13.60 
1640 139.21 188.99 13.88 
1804 139.08 196.56 14.44 
1968 138.50 202.91 14.97 
2132 139.34 209.08 15.33 
2296 138.85 213.76 15.73 
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Table 5.21. (cont.) 
2460 138.32 218.05 16.11 
2624 133.51 222.26 17.01 
2788 137.17 226.04 16.84 
2952 135.72 228.92 17.24 
3116 44.49 71.81 16.50 
 
 
Figure 5.34. Formation of 2.5 from complex 2.4c at 5 °C (Run 1). 
 








164 147.67 25.50 1.76 
328 136.69 46.93 3.51 
492 136.61 58.91 4.41 
656 137.59 71.03 5.28 
820 138.56 81.05 5.98 
984 137.94 90.61 6.71 
1148 137.41 100.28 7.46 
1312 137.99 107.77 7.98 
1476 137.68 116.07 8.62 
1640 137.17 123.38 9.19 
1804 137.31 131.47 9.79 
1968 136.52 136.54 10.22 
2132 137.63 144.57 10.74 
2296 136.19 149.61 11.23 
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Table 5.22. (cont.) 
2460 136.69 155.57 11.63 
2624 137.05 160.06 11.94 
2788 138.42 164.28 12.13 
2952 140.78 171.14 12.42 
3116 142.11 173.76 12.50 
3280 139.85 179.88 13.14 
3444 141.09 182.11 13.19 
3608 141.62 187.84 13.56 
3772 140.94 190.36 13.80 
3936 141.77 195.79 14.11 
4100 141.86 197.96 14.26 
4264 142.27 200.64 14.41 
4428 140.70 203.57 14.79 
4592 142.15 208.19 14.97 
4756 140.79 209.87 15.23 
4920 140.82 213.61 15.50 
5084 140.95 214.75 15.57 
5248 142.01 217.33 15.64 
5412 141.21 217.63 15.75 
5576 138.32 222.42 16.43 
5740 140.23 223.92 16.32 
5904 140.89 225.55 16.36 
6068 139.55 227.49 16.66 
6232 138.53 227.50 16.78 
6396 138.66 231.00 17.03 
6560 138.36 230.37 17.02 
6724 138.20 231.30 17.11 
6888 138.50 232.53 17.16 
7052 138.39 236.24 17.45 
7216 139.03 236.83 17.41 
7380 134.85 237.09 17.97 
7544 138.25 237.31 17.54 
7708 135.52 242.11 18.26 
7872 136.12 239.53 17.98 
8036 135.42 240.68 18.16 





Figure 5.35. Formation of 2.5 from complex 2.4c at 5 °C (Run 2). 
 








164 158.74 29.11 1.87 
328 143.70 47.73 3.39 
492 140.91 58.09 4.21 
656 140.44 70.93 5.16 
820 139.60 80.53 5.90 
984 139.53 90.75 6.65 
1148 138.84 99.76 7.34 
1312 139.59 108.29 7.93 
1476 139.37 115.44 8.47 
1640 138.52 122.33 9.03 
1804 138.60 130.72 9.64 
1968 138.90 137.37 10.11 
2132 138.03 143.57 10.63 
2296 138.91 148.34 10.91 
2460 138.03 154.67 11.45 
2624 139.22 159.69 11.72 
2788 138.88 165.79 12.20 
2952 139.91 168.65 12.32 
3116 139.16 173.54 12.75 
3280 140.73 177.91 12.92 




Table 5.23. (cont.) 
3608 138.75 185.72 13.68 
3772 137.62 187.85 13.95 
3936 138.09 191.94 14.21 
4100 139.32 195.50 14.34 
4264 137.48 199.04 14.80 
4428 144.05 201.73 14.31 
4592 144.18 204.50 14.50 
4756 137.72 206.78 15.34 
4920 144.13 209.70 14.87 
5084 143.82 212.32 15.09 
5248 143.50 215.63 15.36 
5412 145.93 217.23 15.21 
5576 144.05 219.98 15.61 
5740 146.05 221.32 15.49 
5904 141.34 222.95 16.12 
6068 140.48 227.52 16.55 
6232 140.19 227.70 16.60 
6396 143.35 231.05 16.47 
6560 142.88 232.78 16.65 
6724 143.36 234.78 16.74 
6888 142.71 236.95 16.97 
7052 142.43 236.87 17.00 
7216 143.31 238.12 16.98 
7380 142.75 241.76 17.31 
7544 142.83 240.97 17.24 
7708 142.38 244.42 17.54 
7872 143.21 245.60 17.53 
8036 143.30 247.00 17.62 





Figure 5.36. Formation of 2.5 from complex 2.4c at 5°C (Run 3). 
 








164 151.44 49.44 3.34 
328 142.02 65.75 4.73 
492 143.58 77.05 5.48 
656 143.45 86.23 6.14 
820 144.76 94.85 6.70 
984 144.59 103.60 7.32 
1148 145.40 111.88 7.86 
1312 145.05 118.97 8.38 
1476 145.77 124.87 8.76 
1640 145.75 133.20 9.34 
1804 145.00 139.24 9.81 
1968 145.78 144.77 10.15 
2132 145.50 151.58 10.65 
2296 145.10 157.30 11.08 
2460 146.03 162.27 11.36 
2624 145.29 166.92 11.74 
2788 144.16 171.53 12.16 
2952 144.21 175.90 12.47 
3116 143.23 179.18 12.78 
3280 143.11 183.28 13.09 
3444 142.63 188.45 13.50 
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Table 5.24. (cont.) 
3608 143.68 190.70 13.56 
3772 141.89 194.51 14.01 
3936 142.16 197.63 14.21 
4100 140.54 200.83 14.60 
4264 139.83 202.93 14.83 
4428 147.46 208.00 14.42 
4592 147.73 209.44 14.49 
4756 138.85 212.23 15.62 
4920 145.79 213.34 14.96 
5084 144.22 216.31 15.33 
5248 145.26 218.67 15.38 
5412 144.73 222.53 15.71 
5576 139.39 221.76 16.26 
5740 139.01 225.24 16.56 
5904 139.77 226.09 16.53 
6068 139.15 227.75 16.73 
6232 142.42 232.11 16.66 
6396 142.22 230.86 16.59 
6560 142.57 234.87 16.84 
6724 142.62 232.51 16.66 
6888 141.91 238.83 17.20 
7052 142.06 237.39 17.08 
7216 143.37 241.16 17.19 
7380 142.60 241.94 17.34 
7544 143.02 241.13 17.23 
7708 141.50 243.15 17.56 
7872 142.49 243.03 17.43 
8036 142.47 245.56 17.61 





Experiment 5.6: Cross-coupling Product Formation from 4,5-Dimethyoxycatechol 
Complex 2.4d. 
 
A 1-mL volumetric flask was charged with 2,5-dimethyoxycatechol 4-
fluorophenylboronic ester (57.6 mg, 210 µmol) followed by dissolving with THF to the 1-mL 
mark generating a 21 mM solution. 
A 2-mL volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
dissolving with THF (SDS) to the 2-mL mark. An oven dried, 5-mm, NMR tube was taken into 
the dry box and 500 µL of the freshly prepared solution was added. The tube was capped with a 
septum and Teflon taped. The sample was removed from the glove box and inserted into a −78 
°C acetone dry-ice bath followed by the addition of (95 µL, 20.3 µmol, 2.0 equiv) of 2,5-
dimethyoxycatechol 4-fluorophenylboronic ester Stock Sol. via a 100 µL glass syringe. The 
NMR tube was vortexed (not shaken), and cleaned with a Kimwipe then placed into the NMR 
probe set to −30 °C.  
Using the fluorine channel to collect a spectrum every 37 s, the progress of the reaction 
was monitored by the formation of cross-coupling product (−116.45 ppm) in comparison with 
the internal reference 1,4-difluorobenzene (−120.00 ppm). The first order decay and formation 
profiles were fitted with OrginPro 2015 software using equations 1 and 2 respectively. This 
procedure was performed three times to obtain an average rate. The rate obtained was used to 
calculate ΔG‡ using the Eyring equation 5.3.  
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Run 1 (2.40 ± 0.13) x 10−3 23.56 ± 0.78 
Run 2 (2.51 ± 0.13) x 10−3 22.51 ± 0.69 
Run 3 (2.39 ± 0.82) x 10−3 21.34 ± 0.43 
k avg. Formation of CCP = (2.43 ± 0.54) x 10−3 s−1 
 
 
Figure 5.38. Formation of 2.5 from complex 2.4d at −30°C (Run 1). 
 








21 20.21 0.23 0.12 
41 18.54 2.76 1.48 
62 17.91 4.52 2.51 
82 17.60 6.92 3.91 
103 18.57 8.62 4.61 
123 17.22 10.84 6.26 
144 17.65 12.31 6.93 
165 18.36 14.11 7.64 
185 17.75 15.41 8.63 
206 18.48 16.92 9.10 
226 18.09 18.42 10.12 
247 17.75 19.39 10.86 
268 17.83 20.72 11.55 
288 18.13 21.48 11.78 
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Table 5.26. (cont.) 
309 17.65 22.74 12.81 
329 17.82 23.63 13.18 
350 18.20 24.52 13.39 
370 17.81 25.08 14.00 
391 18.37 25.79 13.95 
412 17.79 26.82 14.98 
432 18.12 27.78 15.24 
453 18.50 28.10 15.10 
473 17.52 28.74 16.31 
494 18.14 29.36 16.09 
515 18.15 29.75 16.29 
535 17.27 30.69 17.66 
556 17.62 31.02 17.50 
576 18.07 31.61 17.39 
597 17.77 31.83 17.81 
 
 












21 19.36 0.29 0.15 
41 18.23 2.77 1.51 
62 17.54 5.11 2.90 
82 17.36 6.55 3.75 
103 17.45 8.37 4.77 
123 17.19 10.21 5.90 
144 17.91 12.12 6.73 
165 17.22 13.47 7.78 
185 17.44 14.86 8.47 
206 18.22 16.17 8.82 
226 17.56 17.83 10.09 
247 17.97 18.68 10.33 
268 16.64 19.79 11.82 
288 17.94 20.74 11.49 
309 17.92 21.99 12.20 
329 17.69 22.21 12.48 
350 16.89 23.05 13.56 
370 17.89 24.20 13.45 
391 17.05 25.40 14.81 
412 17.18 25.68 14.86 
432 17.62 26.23 14.79 
453 17.54 26.80 15.18 
473 17.55 27.99 15.85 
494 17.95 28.49 15.78 
515 17.63 28.89 16.29 
535 17.83 29.42 16.40 
556 17.81 29.74 16.60 
576 17.45 30.77 17.53 







Figure 5.40. Formation of 2.5 from complex 2.4d at −30°C (Run 3). 
 








21 18.85 0.61 0.32 
41 18.06 2.66 1.46 
62 17.29 4.71 2.71 
82 17.59 6.45 3.65 
103 17.62 8.13 4.58 
123 17.26 9.69 5.58 
144 17.56 11.28 6.39 
165 17.74 12.45 6.98 
185 17.20 13.72 7.93 
206 17.50 14.87 8.44 
226 17.66 15.73 8.85 
247 17.42 16.76 9.56 
268 17.32 17.91 10.27 
288 17.53 18.60 10.55 
309 17.16 19.52 11.31 
329 17.76 20.25 11.34 
350 17.60 21.04 11.89 
370 17.28 21.99 12.65 
391 17.29 22.44 12.90 
412 17.36 23.16 13.26 
432 17.15 23.63 13.69 




Table 5.28. (cont.) 
473 17.36 25.01 14.32 
494 17.15 25.38 14.71 
515 17.25 26.06 15.02 
535 17.00 26.37 15.41 
556 17.14 27.28 15.82 
576 17.10 27.83 16.18 
597 17.25 27.90 16.08 
 
Experiment 5.7: Cross-coupling Product Formation from 3,6-Dimethyoxycatechol 
Complex 2.4l 
 
A 1-mL volumetric flask was charged with 2,5-dimethyoxycatechol 4-
fluorophenylboronic ester (57.6 mg, 210 µmol) followed by dissolving with THF to the 1-mL 
mark generating a 21 mM solution. 
A 2-mL volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
dissolving with THF (SDS) to the 2-mL mark. An oven dried, 5-mm, NMR tube was taken into 
the dry box and 500 µL of the freshly prepared solution was added. The tube was capped with a 
septum and Teflon taped. The sample was removed from the glove box and inserted into a −78 
°C acetone dry-ice bath followed by the addition of (95 µL, 20.3 µmol, 2.0 equiv) of 2,5-
dimethyoxycatechol 4-fluorophenylboronic ester Stock Sol. via a 100 µL glass syringe. The 
NMR tube was vortexed (not shaken), and cleaned with a Kimwipe then placed into the NMR 
probe set to −30 °C.  
Using the fluorine channel to collect a spectrum every 37 s, the progress of the reaction 
was monitored by the formation of cross-coupling product (−116.45 ppm) in comparison with 
the internal reference 1,4-difluorobenzene (−120.00 ppm). The first order decay and formation 
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profiles were fitted with OrginPro 2015 software using equations 1 and 2 respectively. This 
procedure was performed three times to obtain an average rate. The rate obtained was used to 
calculate ΔG‡ using the Eyring equation 5.3.  
 
 


























Table 5.29. Results from the cross-coupling reaction. 
Entry k (s
−1)  
 (Form CCP) 
A0 [mM]  
(Form CCP) 
Run 1 (3.30 ± 0.74) x 10−3 18.66 ± 0.26 
Run 2 (3.67 ± 0.10) x 10−3 21.88 ± 0.30 
Run 3 (3.05 ± 0.12) x 10−3 16.86 ± 0.19 
k avg. Formation of CCP = (3.34 ± 0.31) x 10−3 s−1 
 
 
Figure 5.42. Formation of 2.5 from complex 2.2l at −30°C (Run 1). 
 








37 66.31 -0.34 -0.05 
74 58.02 9.45 1.74 
111 55.52 19.94 3.83 
148 61.08 28.85 5.04 
185 51.99 37.41 7.68 
222 51.83 43.44 8.94 
259 54.09 49.15 9.69 
296 54.48 52.91 10.36 
333 54.94 57.15 11.10 
370 53.96 61.23 12.11 
407 55.64 63.72 12.22 
444 55.51 65.53 12.60 




Table 5.30. (cont.) 
518 56.76 71.52 13.45 
555 55.90 72.93 13.92 
592 55.92 74.36 14.19 
629 56.39 76.77 14.53 
666 54.78 77.15 15.03 
703 55.60 78.62 15.09 
740 55.06 79.60 15.42 
777 55.36 80.39 15.50 
814 57.18 81.79 15.26 
851 58.12 81.96 15.05 
888 59.25 82.83 14.92 
925 58.65 83.71 15.23 
962 57.72 84.32 15.59 
999 58.60 84.83 15.45 
1036 57.60 85.91 15.92 
1073 58.37 85.99 15.72 
1110 56.87 86.55 16.24 
1147 56.26 87.66 16.62 
1184 59.20 88.28 15.91 
1221 58.00 88.50 16.28 
1258 57.71 87.84 16.24 
1295 56.80 88.87 16.69 
1332 56.42 89.26 16.88 
1369 57.67 89.47 16.55 
1406 57.76 90.37 16.70 
1443 58.41 90.15 16.47 
1480 58.66 90.28 16.42 
1517 58.03 91.47 16.82 
1554 56.66 90.61 17.06 
1591 57.89 91.40 16.85 
1628 57.89 91.39 16.84 
1665 57.98 90.96 16.74 
1702 57.95 92.63 17.06 
1739 57.75 92.03 17.00 
1776 58.18 92.68 17.00 






Figure 5.43. Formation of 2.5 from complex 2.2l at −30°C (Run 2). 
 








37 62.83 1.53 0.26 
74 55.79 17.56 3.36 
111 54.15 35.34 6.97 
148 52.72 49.44 10.01 
185 54.61 60.10 11.74 
222 54.24 66.55 13.09 
259 55.08 72.88 14.12 
296 52.71 77.86 15.76 
333 52.39 81.64 16.63 
370 55.71 85.57 16.39 
407 55.19 87.82 16.98 
444 53.38 90.08 18.01 
481 56.32 91.44 17.32 
518 55.90 94.04 17.95 
555 52.67 96.15 19.48 
592 56.03 97.46 18.56 
629 55.36 99.77 19.23 
666 55.06 99.91 19.36 
703 55.59 101.62 19.50 
740 56.40 101.53 19.21 
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Table 5.31. (cont.) 
777 53.82 103.59 20.54 
814 54.74 103.86 20.25 
851 53.33 104.69 20.95 
888 54.79 105.75 20.60 
925 54.50 106.05 20.76 
962 54.85 106.30 20.68 
999 54.66 107.63 21.01 
1036 54.21 107.81 21.22 
1073 55.40 108.06 20.82 
1110 56.04 109.53 20.86 
1147 55.00 110.01 21.34 
1184 55.60 110.54 21.21 
1221 54.95 110.50 21.46 
1258 55.42 110.27 21.23 
1295 55.55 111.55 21.43 
1332 53.45 111.99 22.36 
1369 54.03 112.95 22.31 
1406 53.97 112.73 22.29 
1443 55.31 112.71 21.75 
1480 55.53 113.87 21.88 
1517 54.80 113.15 22.03 
1554 55.43 114.28 22.00 
1591 54.95 113.82 22.10 
1628 55.60 114.36 21.95 
1665 55.27 114.84 22.17 
1702 55.59 115.50 22.17 
1739 54.51 116.15 22.74 
1776 54.46 116.85 22.90 






Figure 5.44. Formation of 2.5 from complex 2.2l at −30°C (Run 3). 
 








37 77.63 3.22 0.44 
74 74.26 16.81 2.42 
111 71.61 34.67 5.17 
148 71.72 49.17 7.32 
185 71.98 60.22 8.93 
222 71.57 68.34 10.19 
259 71.52 75.57 11.27 
296 69.87 80.71 12.33 
333 70.20 85.61 13.01 
370 69.76 89.75 13.73 
407 69.04 93.32 14.42 
444 70.43 96.83 14.67 
481 70.35 98.76 14.98 
518 70.55 101.32 15.32 
555 71.06 103.44 15.53 
592 71.43 104.81 15.66 
629 72.03 107.37 15.91 
666 70.97 109.52 16.47 
703 70.27 109.93 16.69 
740 71.44 111.09 16.59 
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Table 5.32. (cont.) 
777 71.70 112.67 16.77 
814 70.80 112.50 16.96 
851 70.17 114.23 17.37 
888 71.93 115.66 17.16 
925 72.00 115.91 17.18 
962 71.77 116.92 17.38 
999 71.47 117.92 17.61 
1036 71.57 118.12 17.61 
1073 70.66 119.70 18.08 
1110 70.77 119.71 18.05 
1147 71.37 120.03 17.94 
1184 71.28 121.33 18.16 
1221 71.64 122.14 18.19 
1258 71.84 121.63 18.06 
1295 70.80 122.67 18.49 
1332 71.60 122.62 18.28 
1369 71.78 124.17 18.46 
1406 70.62 123.95 18.73 
1443 70.26 124.05 18.84 
1480 71.12 123.90 18.59 
1517 70.20 125.38 19.06 
1554 71.59 125.50 18.71 
1591 71.11 125.95 18.90 
1628 71.02 126.07 18.94 
1665 70.91 126.44 19.03 
1702 71.06 126.66 19.02 
1739 71.59 126.42 18.84 
1776 72.27 127.65 18.85 





Experiment 5.8: Cross-coupling Product Formation from Complex 2.1 with Pinacol Ester 
2.2h 
 
An oven-dried, 5-mm, NMR tube was charged with 4-fluorophenylboronic pinacol acid 
solution (23 mg, 105 µmol) and 500 µL of THF (NaK) followed by sonication until the solid had 
dissolved yielding a 0.21 M solution. 
An oven dried, 5-mm, NMR tube as charged with [(i-Pr3P)Pd(4-FC6H4)(µ-OH)]2 (7.58 
mg, 10 µmol, 1.0 equiv) and 1,4-difluorobenzene (0.5 µL, 4.8 µmol) followed by 500 µL of THF 
(NaK). The tube was placed into a −78 °C dry-ice acetone bath followed by the addition of 4-
fluorophenylboronic pinacol acid solution (95 µL, 20 µmol, 2.0 equiv). The tube was vortexed 
(not shaken) quickly wiped with a Kimwipe and placed into the probe of the NMR spectrometer 
pre-cooled to −55 °C. No intermediate was observed via 19F NMR. The reaction mixture was 



































































































Experiment 5.9: Cross-coupling Product Formation from Complex 2.1 with Neopentyl 
Ester 2.2i 
 
An oven-dried, 5-mm, NMR tube was charged with 4-fluorophenylboronic neopentyl 
acid solution (22 mg, 105 µmol) and 500 µL of THF (NaK) followed by sonication until the solid 
had dissolved yielding a 0.21 M solution. 
An oven dried, 5-mm, NMR tube as charged with [(i-Pr3P)Pd(4-FC6H4)(µ-OH)]2 (7.58 
mg, 10 µmol, 1.0 equiv) and 500 THF (NaK) followed by sonication for ~2 min. The tube was 
placed into a −78 °C dry-ice acetone bath followed by the addition of 4-fluorophenylboronic 
neopently acid solution (95 µL, 20 µmol, 2.0 equiv). The tube was vortexed (not shaken) quickly 
wiped with a Kimwipe and placed into the probe of the NMR spectrometer pre-cooled to −55 °C. 
No intermediate was observed via 19F NMR. The reaction mixture was found to give cross-
coupled product slowly at −55 °C thus it was warmed to −30 °C where cross-coupled product 

















































































































Experiment 5.10: Cross-coupling Product Formation from Diisopropyl Ester Complex 2.2f. 
 
A oven dried 1 mL volumetric flask was charged with freshly distilled 4-
fluorophenylboronic acid isopropyl ester (48.3 mg, 210 µmol) followed by filling to the mark 
with THF (NaK) generating a 0.21 M solution. 
A 2-mL volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
dissolving with THF (NaK) to the 2-mL mark. An oven dried, 5-mm, NMR tube was taken into 
the dry box and 500 µL of the freshly prepared solution was added. The tube was capped with a 
septum and Teflon taped. The sample was removed from the glove box and inserted into a −78 
°C acetone dry-ice bath followed by the addition of (95 µL, 20.3 µmol, 2.0 equiv) of 4-
fluorophenylboronic acid isopropyl ester Stock Sol. via a 100 µL glass syringe. The NMR tube 
was vortexed (not shaken), and cleaned with a Kimwipe then placed into the NMR probe set to 
−30 °C. 
Using the fluorine channel to collect a spectrum every 37 s, the progress of the reaction 
was monitored by the formation of cross-coupling product (−116.45 ppm) in comparison with 
the internal reference 1,4-difluorobenzene (−120.00 ppm). The first order formation profiles 
were fitted with OrginPro 2015 software using equation 5.2. This procedure was performed three 
times to obtain an average rate. A similar experiment was performed at −55 °C.  
  
THF




































































































































































Run 1 (8.43 ± 0.14) x 10−4 19.28 ± 0.12 
Run 2 (8.17 ± 0.13) x 10−4 19.76 ± 0.12 
Run 3 (8.13 ± 0.14) x 10−4 20.51 ± 0.14 
k avg. Formation of CCP = (8.24 ± 0.16) x 10−4 s−1 
 
 
Figure 5.53. Formation of 2.5 from complex 2.4f at −30°C (Run 1). 
 








37 75.91 0.06 0.01 
74 69.68 3.10 0.45 
111 68.75 6.24 0.93 
148 65.99 8.53 1.32 
185 62.68 12.20 1.99 
222 63.43 15.75 2.54 
259 63.27 19.92 3.22 
296 63.35 24.57 3.96 
333 63.26 27.90 4.51 
370 63.19 32.16 5.2 
407 63.27 36.65 5.92 
444 62.48 39.03 6.38 
481 63.08 41.97 6.8 
518 63.04 45.62 7.4 
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Table 5.34. (cont.) 
555 63.47 47.83 7.7 
592 63.70 49.86 8 
629 62.72 51.62 8.41 
666 63.47 54.23 8.73 
703 62.99 56.49 9.17 
740 62.53 57.44 9.39 
777 63.44 59.86 9.64 
814 62.62 62.45 10.19 
851 63.05 62.87 10.19 
888 62.84 66.21 10.77 
925 63.26 66.83 10.8 
962 64.42 68.30 10.83 
999 63.38 70.06 11.3 
1036 62.97 71.75 11.64 
1073 63.41 71.10 11.46 
1110 62.57 74.03 12.09 
1147 64.37 74.29 11.8 
1184 62.40 76.27 12.49 
1221 62.88 76.78 12.48 
1258 62.91 78.31 12.72 
1295 63.18 79.74 12.9 
1332 63.52 81.36 13.09 
1369 62.93 82.33 13.37 
1406 63.51 82.57 13.29 
1443 63.31 83.76 13.52 
1480 63.64 84.39 13.55 
1517 63.48 85.70 13.8 
1554 63.06 86.12 13.96 
1591 64.03 87.65 13.99 
1628 63.61 86.86 13.95 
1665 63.55 88.85 14.29 
1702 63.13 90.17 14.6 
1739 63.94 90.72 14.5 
1776 63.72 90.70 14.55 
1813 64.08 91.80 14.64 
1850 63.44 93.24 15.02 
1887 63.52 92.21 14.84 
1924 62.90 93.07 15.12 
1961 63.84 95.35 15.26 
1998 63.78 95.98 15.38 
2035 62.91 96.47 15.67 
2072 64.48 97.89 15.52 
2109 63.01 98.92 16.04 
2146 63.33 97.75 15.77 
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Table 5.34. (cont.) 
2183 63.44 98.90 15.93 
2220 63.38 100.36 16.18 
2257 64.31 99.91 15.88 
2294 63.80 100.49 16.1 
2331 64.11 100.71 16.05 
2368 63.71 101.99 16.36 
2405 64.74 103.49 16.34 
2442 64.25 102.32 16.28 
2479 64.24 103.49 16.46 
2516 63.76 104.90 16.81 
2553 64.32 105.56 16.77 
2590 64.12 105.92 16.88 
2627 63.89 106.40 17.02 
2664 64.06 106.87 17.05 
2701 63.70 106.74 17.13 
2738 63.35 108.69 17.53 
2775 63.89 107.65 17.22 
2812 63.71 109.39 17.55 
2849 64.20 109.34 17.41 
2886 63.85 109.69 17.56 
2923 64.16 109.50 17.44 
2960 64.15 110.19 17.56 
2997 64.77 111.45 17.59 
3034 63.69 111.95 17.96 
3071 63.15 113.36 18.35 
3108 63.57 111.64 17.95 
3145 64.19 113.13 18.01 
3182 64.08 114.17 18.21 
3219 64.51 113.00 17.9 
3256 63.91 113.96 18.22 
3293 65.19 115.39 18.09 
3330 64.08 117.09 18.67 
3367 64.67 116.04 18.34 
3404 64.14 116.24 18.52 
3441 64.40 116.41 18.47 
3478 64.12 117.15 18.67 
3515 64.26 119.00 18.93 
3552 63.50 117.89 18.97 
3589 64.64 119.74 18.93 
3626 65.41 118.10 18.45 





Figure 5.54. Formation of 2.5 from complex 2.4f at −30°C (Run 2). 
 








37 76.64 -0.06 -0.01 
74 71.44 3.83 0.55 
111 69.63 5.85 0.86 
148 66.11 9.35 1.45 
185 62.57 12.87 2.10 
222 63.44 16.54 2.66 
259 63.37 21.09 3.40 
296 63.36 24.61 3.97 
333 63.19 29.74 4.81 
370 63.41 33.73 5.44 
407 63.64 35.93 5.77 
444 63.67 39.06 6.27 
481 63.12 42.35 6.86 
518 63.13 45.22 7.32 
555 63.46 48.12 7.75 
592 63.73 50.97 8.17 
629 63.47 52.73 8.49 
666 62.74 54.24 8.84 
703 64.01 56.99 9.10 
740 63.93 58.39 9.33 
777 63.62 60.68 9.75 
814 63.26 62.60 10.11 
851 64.05 65.44 10.44 
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Table 5.35. (cont.) 
888 63.87 67.35 10.78 
925 63.81 67.34 10.79 
962 64.17 69.65 11.09 
999 64.12 69.66 11.10 
1036 64.39 71.44 11.34 
1073 63.71 73.22 11.75 
1110 63.08 74.93 12.14 
1147 63.75 75.60 12.12 
1184 63.84 77.60 12.42 
1221 64.09 77.35 12.33 
1258 63.70 79.11 12.69 
1295 62.90 80.34 13.05 
1332 64.06 82.65 13.19 
1369 63.94 83.12 13.29 
1406 63.96 82.28 13.15 
1443 63.53 85.03 13.68 
1480 64.05 85.89 13.71 
1517 63.85 86.92 13.91 
1554 63.54 87.24 14.03 
1591 63.41 88.11 14.20 
1628 63.97 88.65 14.16 
1665 63.77 90.43 14.49 
1702 64.08 90.12 14.37 
1739 63.11 91.59 14.83 
1776 63.78 93.16 14.93 
1813 64.30 94.18 14.97 
1850 63.66 94.04 15.10 
1887 63.35 94.76 15.29 
1924 63.89 94.86 15.17 
1961 64.57 96.01 15.20 
1998 62.80 97.72 15.90 
2035 64.16 98.13 15.63 
2072 63.82 97.67 15.64 
2109 63.83 98.26 15.73 
2146 63.94 99.61 15.92 
2183 63.29 100.18 16.18 
2220 63.26 101.66 16.42 
2257 63.90 102.23 16.35 
2294 62.96 102.29 16.61 
2331 63.85 102.93 16.48 
2368 63.71 104.27 16.73 
2405 63.15 104.57 16.92 
2442 64.25 105.19 16.73 
2479 63.38 105.69 17.04 
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Table 5.35. (cont.) 
2516 63.92 106.17 16.98 
2553 63.53 105.37 16.95 
2590 64.50 107.84 17.09 
2627 63.74 107.92 17.30 
2664 64.16 108.36 17.26 
2701 63.66 109.48 17.58 
2738 63.66 109.20 17.53 
2775 63.10 111.23 18.02 
2812 64.33 110.09 17.49 
2849 63.85 110.64 17.71 
2886 63.76 111.72 17.91 
2923 64.09 111.05 17.71 
2960 63.59 112.19 18.03 
2997 63.59 112.79 18.13 
3034 63.08 113.49 18.39 
3071 64.10 113.09 18.03 
3108 64.36 115.15 18.29 
3145 63.86 115.14 18.43 
3182 64.04 114.78 18.32 
3219 63.64 116.21 18.66 
3256 63.75 116.29 18.64 
3293 63.83 116.22 18.61 
3330 64.54 117.15 18.55 
3367 63.55 117.88 18.96 
3404 64.35 118.67 18.85 
3441 64.31 118.97 18.90 
3478 63.59 119.29 19.17 
3515 64.88 119.52 18.83 
3552 64.14 119.80 19.09 
3589 64.23 119.95 19.08 
3626 64.08 120.67 19.24 





Figure 5.55. Formation of 2.5 from complex 2.4f at −30°C (Run 3). 
 








37 72.89 3.39 0.48 
74 68.90 5.35 0.79 
111 67.60 8.40 1.27 
148 64.01 12.58 2.01 
185 63.30 16.63 2.69 
222 63.93 20.78 3.32 
259 63.63 25.50 4.10 
296 63.89 29.61 4.74 
333 63.57 32.38 5.21 
370 63.58 36.79 5.91 
407 63.82 39.47 6.32 
444 63.59 42.48 6.83 
481 63.58 45.49 7.31 
518 63.63 48.11 7.73 
555 63.04 51.42 8.34 
592 63.79 53.35 8.55 
629 63.70 55.31 8.87 
666 64.02 57.17 9.13 




Table 5.36. (cont.) 
740 63.58 61.91 9.95 
777 64.12 63.58 10.13 
814 63.97 64.62 10.32 
851 64.21 66.04 10.51 
888 64.64 69.37 10.97 
925 63.58 70.41 11.32 
962 63.85 71.45 11.44 
999 63.35 73.29 11.82 
1036 63.91 73.37 11.73 
1073 63.55 75.81 12.19 
1110 64.06 77.00 12.28 
1147 63.62 77.36 12.43 
1184 64.31 79.10 12.57 
1221 64.00 80.97 12.93 
1258 64.06 81.42 12.99 
1295 63.65 82.56 13.26 
1332 63.67 82.96 13.32 
1369 64.18 84.58 13.47 
1406 63.94 85.37 13.65 
1443 63.27 87.70 14.17 
1480 63.68 88.10 14.14 
1517 63.00 88.54 14.36 
1554 63.50 90.06 14.50 
1591 64.39 89.77 14.25 
1628 63.96 91.20 14.57 
1665 63.95 92.26 14.74 
1702 63.92 93.53 14.95 
1739 63.81 94.00 15.06 
1776 64.02 94.91 15.15 
1813 63.76 96.27 15.43 
1850 63.47 97.12 15.64 
1887 64.23 97.48 15.51 
1924 63.81 98.78 15.82 
1961 64.00 98.78 15.77 
1998 63.55 99.85 16.06 
2035 63.82 100.17 16.04 
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Table 5.36. (cont.) 
2072 64.34 101.27 16.09 
2109 63.38 102.38 16.51 
2146 64.40 103.07 16.36 
2183 64.64 103.33 16.34 
2220 63.78 103.81 16.64 
2257 63.56 105.35 16.94 
2294 63.69 106.03 17.01 
2331 64.15 106.67 16.99 
2368 63.80 107.59 17.23 
2405 63.74 108.38 17.38 
2442 63.32 109.33 17.65 
2479 64.37 108.88 17.29 
2516 63.85 110.39 17.67 
2553 64.07 109.72 17.50 
2590 62.98 111.34 18.07 
2627 64.22 111.13 17.69 
2664 63.29 112.59 18.18 
2701 63.57 112.91 18.15 
2738 63.76 112.86 18.09 
2775 63.28 112.80 18.22 
2812 63.52 113.95 18.33 
2849 63.88 115.10 18.41 
2886 63.53 114.99 18.50 
2923 63.72 115.79 18.57 
2960 63.49 117.84 18.97 
2997 64.20 117.18 18.65 
3034 63.78 117.99 18.91 
3071 63.77 118.50 18.99 
3108 64.18 119.23 18.99 
3145 63.44 119.81 19.30 
3182 64.40 120.60 19.14 
3219 63.44 119.97 19.33 
3256 64.74 121.48 19.18 
3293 64.03 121.66 19.42 
3330 63.98 122.23 19.52 
3367 63.77 122.20 19.58 
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Table 5.36. (cont.) 
3404 63.66 123.30 19.80 
3441 64.22 122.65 19.52 
3478 64.19 123.84 19.72 
3515 63.94 124.69 19.93 
3552 64.38 124.98 19.84 
3589 63.03 125.50 20.35 
3626 64.17 126.26 20.11 






Experiment 5.11: Cross-coupling Product Formation from Glycol Ester Complex 19. 
 
A oven dried 1 mL volumetric flask was charged with freshly sublimed 4-
fluorophenylboronic acid glycol ester (34.8 mg, 210 µmol) followed by filling to the mark with 
THF (NaK) generating a 0.21 M solution. 
A 2-mL volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
dissolving with THF (NaK) to the 2-mL mark. An oven dried, 5-mm, NMR tube was taken into 
the dry box and 500 µL of the freshly prepared solution was added. The tube was capped with a 
septum and Teflon taped. The sample was removed from the glove box and inserted into a −78 
°C acetone dry-ice bath followed by the addition of (95 µL, 20.3 µmol, 2.0 equiv) of 4-
fluorophenylboronic acid glycol ester Stock Sol. via a 100 µL glass syringe. The NMR tube was 
vortexed (not shaken), and cleaned with a Kimwipe then placed into the NMR probe set to −30 
°C. 
Using the fluorine channel to collect a spectrum every 9 s, the progress of the reaction 
was monitored by the formation of cross-coupling product (−116.45 ppm) in comparison with 
the internal reference 1,4-difluorobenzene (−120.00 ppm). The first order formation profiles 
were fitted with OrginPro 2015 software using equation 5.2. This procedure was performed three 
times to obtain an average rate.  
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Figure 5.56. 19F NMR spectrum of 2.4g and 2.4g’ at −30 °C, referenced to 1,4-difluorobenzene (−120 ppm). 
 






Run 1 (1.33 ± 0.36) x 10−2 30.11 ± 0.18 
Run 2 (1.32 ± 0.39) x 10−2 30.43 ± 0.20 
Run 3 (1.34 ± 0.38) x 10−2 30.35 ± 0.19 








































Figure 5.57. Formation of 2.5 from complex 2.4g at −30°C (Run 1). 
 








9 254.764 51.7227 2.07 
18 253.934 105.717 4.25 
27 242.048 169.056 7.14 
36 237.523 256.964 11.06 
45 239.187 322.273 13.77 
54 233.392 375.806 16.46 
63 234.333 418.953 18.27 
72 232.435 462.001 20.31 
81 235.098 470.89 20.47 
90 227.69 511.5 22.96 
99 238.008 516.946 22.20 
108 228.403 528.615 23.65 
117 232.611 543.742 23.89 
126 226.054 558.612 25.26 
135 234.131 569.999 24.88 
144 236.392 580.296 25.09 
153 232.516 589.523 25.91 
162 235.137 590.637 25.67 
171 235.148 606.981 26.38 
180 234.187 609.319 26.59 
189 231.285 612.839 27.08 
198 233.59 620.06 27.13 
  
 208 
Table 5.38. (cont.) 
207 232.709 619.637 27.21 
216 227.967 613.949 27.52 
225 233.371 631.827 27.67 
234 231.194 629.206 27.81 
243 234.184 644.014 28.11 
252 230.052 648.808 28.82 
261 233.181 650.712 28.52 
270 230.534 655.002 29.04 
279 229.192 639.118 28.50 
288 230.505 663.478 29.42 
297 229.098 670.623 29.92 
306 230.742 674.126 29.86 
315 227.534 675.651 30.35 
324 229.801 675.306 30.03 
333 230.279 661.896 29.38 
342 232.72 676.732 29.72 
351 242.488 670.988 28.28 
360 233.627 684.117 29.93 
369 230.73 678.815 30.07 
378 236.296 693.288 29.99 
387 232.105 699.037 30.78 
396 238.934 695.411 29.75 
405 229.191 682.122 30.42 
414 234.281 690.056 30.10 
423 232.875 699.447 30.70 
432 234.495 697.668 30.41 
441 231.566 688.503 30.39 
450 235.037 706.371 30.71 
459 231.083 697.322 30.84 
468 231.274 713.147 31.51 





Figure 5.58. Formation of 2.5 from complex 2.4g at −30°C (Run 2). 
 








9 261.868 53.9886 2.11 
18 262.268 124.107 4.84 
27 260.043 190.318 7.48 
36 243.875 270.19 11.32 
45 248.723 353.392 14.52 
54 242.33 401.879 16.95 
63 243.175 436.499 18.34 
72 246.249 479.677 19.91 
81 244.336 493.34 20.64 
90 236.338 535.952 23.18 
99 247.321 540.02 22.32 
108 245.146 555.945 23.18 
117 242.596 582.907 24.56 
126 245.687 596.595 24.82 
135 242.225 602.626 25.43 
144 245.859 619.099 25.74 
153 243.452 625.253 26.25 
162 246.55 638.474 26.47 
171 244.088 633.735 26.53 
180 240.185 625.758 26.63 




Table 5.39. (cont.) 
198 249.372 638.632 26.17 
207 245.259 660.012 27.50 
216 254.339 655.144 26.33 
225 243.409 683.409 28.69 
234 241.163 675.558 28.63 
243 243.272 695.035 29.20 
252 243.082 683.054 28.72 
261 239.265 686.527 29.32 
270 242.113 696.669 29.41 
279 237.811 686.316 29.49 
288 234.649 690.851 30.09 
297 247.493 704.377 29.09 
306 247.208 711.701 29.42 
315 241.088 714.101 30.27 
324 245.525 714.107 29.72 
333 244.302 695.637 29.10 
342 250.626 717.251 29.25 
351 243.698 726.074 30.45 
360 240.996 722.319 30.63 
369 246.903 717.01 29.68 
378 242.446 729.313 30.74 
387 243.764 720.28 30.20 
396 251.294 740.136 30.10 
405 242.181 726.809 30.67 
414 240.546 746.57 31.72 
423 243.708 720.8 30.23 
432 247.424 745.58 30.80 
441 241.545 751.145 31.78 
450 245.797 746.419 31.04 
459 238.78 744.595 31.87 
468 236.293 750.547 32.46 





Figure 5.59. Formation of 2.5 from complex 2.4g at −30°C (Run 3). 
 








9 249.188 59.0079 2.42 
18 241.209 125.223 5.31 
27 243.152 200.677 8.43 
36 238.157 277.485 11.91 
45 237.943 338.726 14.55 
54 234.895 392.689 17.09 
63 239.766 425.069 18.12 
72 236.897 477.002 20.58 
81 235.396 488.568 21.21 
90 233.489 521.558 22.83 
99 238.723 538.537 23.06 
108 236.351 529.852 22.91 
117 231.33 544.719 24.07 
126 233.032 554.233 24.31 
135 233.472 582.389 25.49 
144 235.166 590.639 25.67 
153 233.471 579.779 25.38 
162 231.962 589.994 25.99 
171 242.52 611.337 25.76 
180 235.726 600.135 26.02 




Table 5.40. (cont.) 
198 226.977 623.414 28.07 
207 230.234 618.42 27.45 
216 232.818 630.779 27.69 
225 235.152 639.05 27.77 
234 233.124 637.877 27.96 
243 232.54 654.291 28.76 
252 231.494 642.834 28.38 
261 226.529 663.506 29.93 
270 237.744 663.955 28.54 
279 231.08 667.063 29.50 
288 230.365 652.795 28.96 
297 229.645 677.351 30.14 
306 234.402 672.075 29.30 
315 235.703 677.096 29.36 
324 236.671 676.298 29.20 
333 230.738 675.573 29.92 
342 236.998 678.357 29.25 
351 233.149 687.08 30.12 
360 231.769 694.848 30.64 
369 234.251 692.478 30.21 
378 237.688 689.465 29.65 
387 233.293 695.658 30.48 
396 233.764 697.893 30.51 
405 229.484 708.601 31.56 
414 234.681 700.168 30.49 
423 232.796 701.577 30.80 
432 232.625 705.728 31.01 
441 230.488 715.812 31.74 
450 231.489 714.224 31.53 
459 232.758 719.151 31.58 
468 230.39 721.39 32.00 





Experiment 5.12: Cross-coupling Product Formation from Dimethyl Ester Complex 2.4e. 
 
A oven dried 1 mL volumetric flask was charged with freshly distilled 4-
fluorophenylboronic acid methyl ester (35 mg, 210 µmol) followed by filling to the mark with 
THF (NaK) generating a 0.21 M solution. 
A 2-mL volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
dissolving with THF (NaK) to the 2-mL mark. An oven dried, 5-mm, NMR tube was taken into 
the dry box and 500 µL of the freshly prepared solution was added. The tube was capped with a 
septum and Teflon taped. The sample was removed from the glove box and inserted into a −78 
°C acetone dry-ice bath followed by the addition of (95 µL, 20.3 µmol, 2.0 equiv) of 4-
fluorophenylboronic acid glycol ester Stock Sol. via a 100 µL glass syringe. The NMR tube was 
vortexed (not shaken), and cleaned with a Kimwipe then placed into the NMR probe set to −30 
°C. 
Using the fluorine channel to collect a spectrum every 9 s, the progress of the reaction 
was monitored by the formation of cross-coupling product (−116.45 ppm) in comparison with 
the internal reference 1,4-difluorobenzene (−120.00 ppm). The first order formation profiles 
were fitted with OrginPro 2015 software using equation 5.1. This procedure was performed three 
times to obtain an average rate.  
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Figure 5.60. 19F NMR spectrum of 2.4e and 2.4e’ at −30 °C, referenced to 1,4-difluorobenzene (−120 ppm). 
 






Run 1 (1.53 ± 0.64) x 10−2 38.47 ± 0.34 
Run 2 (0.99 ± 0.33) x 10−2 26.45 ± 0.24 
Run 3 (1.20 ± 0.28) x 10−2 25.96 ± 0.15 





Figure 5.61. Formation of 2.5 from complex 2.4e at −30°C (Run 1). 
 








9 174.335 51.7227 3.03 
18 174.486 105.717 6.19 
27 179.253 169.056 9.64 
36 171.265 256.964 15.33 
45 171.134 322.273 19.25 
54 159.418 375.806 24.09 
63 169.331 418.953 25.29 
72 164.502 462.001 28.70 
81 168.014 470.89 28.64 
90 165.897 511.5 31.51 
99 174.625 516.946 30.25 
108 172.84 528.615 31.26 
117 171.342 543.742 32.43 
126 183.366 558.612 31.13 
135 177.998 569.999 32.73 
144 174.743 580.296 33.94 
153 177.122 589.523 34.02 
162 175.495 590.637 34.40 
171 184.924 606.981 33.55 
180 174.349 609.319 35.72 
189 168.978 612.839 37.07 
198 174.982 620.06 36.22 
  
 216 
Table 5.42. (cont.) 
207 178.34 619.637 35.51 
216 176.176 613.949 35.62 
225 200.702 631.827 32.17 
234 182.541 629.206 35.23 
243 176.634 644.014 37.26 
252 179.604 648.808 36.92 
261 171.379 650.712 38.80 
270 176.391 655.002 37.95 
279 170.987 639.118 38.20 
288 184.331 663.478 36.79 
297 173.333 670.623 39.54 
306 185.493 674.126 37.14 
315 188.88 675.651 36.56 
324 176.138 675.306 39.18 
333 168.491 661.896 40.15 
342 178.823 676.732 38.68 
351 179.612 670.988 38.18 
360 183.001 684.117 38.21 
369 176.795 678.815 39.24 
378 187.816 693.288 37.73 
387 191.376 699.037 37.33 
396 190.561 695.411 37.30 
405 177.251 682.122 39.33 
414 183.018 690.056 38.53 
423 179.591 699.447 39.80 
432 172.457 697.668 41.34 
441 177.685 688.503 39.60 
450 172.05 706.371 41.96 





Figure 5.62. Formation of 2.5 from complex 2.4e at −30°C (Run 2). 
 








9 286.699 23.7818 0.85 
18 268.384 56.2848 2.14 
27 256.513 96.5488 3.85 
36 252.627 144.27 5.84 
45 242.445 190.577 8.03 
54 236.901 238.605 10.29 
63 229.555 281.477 12.53 
72 236.473 320.34 13.84 
81 226.774 349.884 15.77 
90 239.885 379.419 16.16 
99 222.87 398.929 18.29 
108 223.349 418.961 19.17 
117 232.38 432.131 19.00 
126 243.28 454.844 19.11 
135 243.879 470.601 19.72 
144 237.742 473.674 20.36 
153 233.078 490.947 21.53 
162 244.254 505.784 21.16 
171 235.238 514.473 22.35 
180 246.936 516.785 21.39 
189 244.266 530.645 22.20 
  
 218 
Table 5.43. (cont.) 
198 237.056 530.64 22.88 
207 243.463 552.218 23.18 
216 245.653 548.114 22.80 
225 241.901 554.108 23.41 
234 248.438 554.019 22.79 
243 245.185 569.938 23.76 
252 244.014 556.943 23.33 
261 238.265 576.35 24.72 
270 244.301 571.716 23.92 
279 237.646 582.347 25.04 
288 242.073 594.51 25.10 
297 241.57 591.118 25.01 
306 249.979 598.085 24.45 
315 243.872 601.185 25.19 
324 246.099 601.584 24.98 
333 248.435 609.716 25.08 
342 239.981 613.892 26.14 
351 250.93 608.418 24.78 
360 233.038 609.384 26.72 
369 245.144 615.556 25.66 
378 240.198 627.347 26.69 
387 250.854 615.173 25.06 
396 242.62 608.455 25.63 
405 247.664 625.794 25.82 
414 250.487 623.265 25.43 
423 244.58 628.916 26.28 
432 246.682 632.833 26.22 
441 247.708 640.468 26.42 
450 249.835 641.178 26.23 





Figure 5.63. Formation of 2.5 from complex 2.4e at −30°C (Run 3). 
 








9 252.385 56.3024 2.28 
18 245.733 99.0967 4.12 
27 251.998 146.509 5.94 
36 230.427 189.39 8.40 
45 240.173 242.45 10.32 
54 235.646 283.125 12.28 
63 231.642 323.488 14.27 
72 235.341 352.776 15.32 
81 228.64 382.355 17.09 
90 220.619 402.331 18.64 
99 233.768 422.28 18.46 
108 228.898 446.199 19.92 
117 225.432 456.824 20.71 
126 236.636 466.487 20.15 
135 232.084 484.811 21.35 
144 238.281 485.816 20.84 
153 240.04 502.031 21.37 
162 244.078 510.867 21.39 
171 237.383 527.723 22.72 
180 243.916 533.699 22.36 
189 249.322 540.241 22.15 
  
 220 
Table 5.43. (cont.) 
198 236.922 546.83 23.59 
207 237.426 544.542 23.44 
216 237.074 563.122 24.28 
225 243.354 562.238 23.61 
234 235.951 564.756 24.46 
243 243.232 573.216 24.09 
252 244.031 574.948 24.08 
261 246.22 575.941 23.91 
270 239.552 591.453 25.23 
279 237.242 588.048 25.33 
288 237.975 589.196 25.30 
297 246.152 590.47 24.52 
306 238.582 592.531 25.38 
315 240.769 594.482 25.23 
324 241.415 596.474 25.25 
333 250.535 610.148 24.89 
342 240.635 611.858 25.99 
351 248.039 610.358 25.15 
360 247.69 608.081 25.09 
369 249.286 610.176 25.02 
378 242.667 618.706 26.06 
387 246.132 618.278 25.67 
396 246.574 637.26 26.41 
405 249.662 626.978 25.67 
414 245.713 634.661 26.40 
423 244.116 630.68 26.40 
432 253.404 632.711 25.52 
441 244.789 630.596 26.33 
450 235.549 632.564 27.45 





Experiment 5.13: Cross-coupling Product Formation from Boroxine 2.4j 
 
A 5-mL volumetric flask was charged with 4-flurophenylboroxine (128 mg, 350 µmol) 
followed by 2-3 mL of THF (NaK). Then sonication was performed (~10 min) until the solid had 
dissolved. Once dissolved the flask was filled to the mark with THF (NaK) generating a 20.5 
mM solution. 
A 2-mL volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
dissolving with THF (SDS) to the 2-mL mark. An oven dried, 5-mm, NMR tube was taken into 
the dry box and 500 µL of the freshly prepared solution was added. The tube was capped with a 
septum and Teflon taped. The sample was removed from the glove box and inserted into a −78 
°C acetone dry-ice bath followed by the addition of (95 µL, 20.5 µmol, 0.67 equiv) of 4-
fluorophenylboroxine Stock Solution  via a µL glass syringe. The NMR tube was vortexed (not 
shaken) and cleaned with a Kimwipe then placed into the NMR probe set to −30 °C. 
Using the fluorine channel to collect a spectrum every 37 s the progress of the reaction 
was monitored by the formation of cross-coupling product fluorine signal (−116.45 ppm) in 
comparison with the internal reference 1,4-difluorbenzene (−120.00 ppm). The first order 
formation profile was fitted with OrginPro 2015 software using equation 4. This procedure was 






























Figure 5.64. 19F NMR spectrum of 1 and 2.4k at −30 °C, referenced to 1,4-difluorobenzene (−120 ppm). 
 






Run 1 (5.99 ± 0.03) x 10−3 19.01 ± 0.19 
Run 2 (4.57 ± 0.02) x 10−3 23.58 ± 0.20 
Run 3 (5.60 ± 0.09) x 10−3 23.69 ± 0.15 
















Figure 5.65. Formation of 2.5 from complex 2.1 and 2.2k at −30°C (Run 1). 
 








37 2324 1176 5.17 
74 1922 1545 8.22 
111 1993 1993 10.22 
148 1935 2330 12.30 
185 2022 2621 13.25 
222 2019 2839 14.37 
259 2012 2826 14.35 
296 1964 3053 15.88 
333 2017 3120 15.81 
370 2008 3170 16.13 
407 1997 3227 16.51 
444 1979 3264 16.85 
481 2034 3310 16.63 
518 1973 3409 17.65 
555 2047 3391 16.93 
592 2063 3345 16.57 
629 1987 3506 18.04 
666 2018 3498 17.72 
703 2012 3558 18.07 
740 2022 3536 17.87 
777 2021 3622 18.32 
814 2018 3674 18.60 
851 2025 3612 18.23 
888 1988 3695 19.00 
  
 224 
Table 5.46. (cont.) 
925 2086 3735 18.30 
962 2053 3802 18.93 
999 2025 3759 18.98 
1036 2007 3893 19.82 
1073 2009 4021 20.45 
1110 2027 3911 19.72 
1147 2059 4002 19.87 
1184 2089 3951 19.33 
1221 2074 3979 19.60 
1258 2042 4023 20.13 
1295 2015 4005 20.31 
1332 2089 4034 19.73 
1369 2054 4068 20.24 
1406 2061 4005 19.86 
1443 2102 4034 19.61 
 
 
Figure 5.66. Formation of 2.5 from complex 2.1 and 2.2k at −30°C (Run 2). 
 








37 1834 1013 5.64 
74 1615 1363 8.62 
111 1611 1694 10.75 
148 1586 1924 12.40 
185 1655 2121 13.10 
222 1593 2311 14.82 
259 1633 2384 14.92 
296 1473 2589 17.96 
333 1570 2822 18.37 
  
 225 
Table 5.47. (cont.) 
370 1571 2917 18.98 
407 1586 3000 19.34 
444 1560 3140 20.58 
481 1563 3083 20.16 
518 1556 3223 21.17 
555 1595 3195 20.47 
592 1549 3317 21.88 
629 1584 3385 21.84 
666 1568 3353 21.85 
703 1533 3391 22.61 
740 1479 3434 23.73 
777 1559 3435 22.53 
814 1546 3410 22.54 
851 1575 3481 22.59 
888 1578 3529 22.86 
925 1570 3556 23.15 
962 1547 3516 23.23 
999 1557 3531 23.17 
1036 1572 3525 22.92 
1073 1490 3591 24.64 
1110 1565 3582 23.39 
1147 1537 3608 23.98 
1184 1578 3755 24.32 
1221 1585 3620 23.35 
1258 1585 3535 22.80 
1295 1519 3566 24.00 
1332 1557 3632 23.84 
1369 1477 3629 25.11 
1406 1589 3650 23.48 




Figure 5.67. Formation of 2.5 from complex 2.1 and 2.2k at −30°C (Run 3). 
 








37 1826 886 4.96 
74 1711 1327 7.93 
111 1704 1755 10.52 
148 1656 2187 13.50 
185 1600 2394 15.29 
222 1651 2775 17.17 
259 1627 2999 18.83 
296 1672 2903 17.75 
333 1588 3334 21.45 
370 1568 3161 20.61 
407 1630 3300 20.70 
444 1642 3578 22.26 
481 1629 3560 22.33 
518 1598 3508 22.44 
555 1558 3470 22.76 
592 1607 3535 22.49 
629 1601 3495 22.31 
666 1655 3754 23.18 
703 1605 3537 22.52 
740 1589 3570 22.97 
777 1631 3760 23.57 
814 1643 3721 23.14 
851 1647 3736 23.18 
888 1637 3594 22.45 
925 1676 3567 21.75 
962 1648 3668 22.75 
  
 227 
Table 5.48. (cont.) 
999 1624 3792 23.86 
1036 1641 3688 22.97 
1073 1584 3857 24.89 
1110 1553 3639 23.95 
1147 1600 3700 23.63 
1184 1651 3847 23.81 
1221 1637 3811 23.79 
1258 1595 3900 25.00 
1295 1644 3912 24.31 
1332 1546 3737 24.70 
1369 1583 3759 24.26 
1406 1638 3766 23.50 





Experiment 5.14: Cross-coupling Product Formation from a-Hydroxyisobutyrate Complex 
2.4k. 
 
A 1-mL volumetric flask was charged with freshly sublimed 2-hydroxy-2-
methylpropanoic acid 4-fluorophenylboronate (44.0 mg, 210 µmol). Then ~0.5 mL of THF 
(NaK) was added and sonicated until the solid had dissolved. Once dissolved the flask was filled 
to the mark with THF (NaK) generating a 0.21 M solution of 2-hydroxy-2-methylpropanoic acid 
4-fluorophenylboronate. 
A 2-mL volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
dissolving with THF (NaK) to the 2-mL mark. An oven dried, 5-mm, NMR tube was taken into 
the dry box and 500 µL of the freshly prepared solution was added. The tube was capped with a 
septum and Teflon taped. The sample was removed from the glove box and inserted into a −78 
°C acetone dry-ice bath followed by the addition of the 2-hydroxy-2-methylpropanoic acid 4-
fluorophenylboronate solution (95 µL, 20.5 µmol, 2.0 equiv) via a 100 µL glass syringe. The 
NMR tube was vortexed (not shaken) and cleaned with a Kimwipe followed by re-insertion into 
the −78 °C bath. Then the tube was placed into the NMR probe set to −30 °C. 
Using the fluorine channel to collect a spectrum every 101 s the progress of the reaction 
was monitored by the and formation of cross-coupling product (−116.45 ppm) in comparison 
with the internal reference 1,4-difluorobenzene (−120.00 ppm). The first order formation profiles 
were fitted with OrginPro 2015 software using equation 5.2. This procedure was performed three 
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Figure 5.68. 19F NMR spectrum of 2.4k at −30 °C, referenced to 1,4-difluorobenzene (−120 ppm). 
 






Run 1 (2.59 ± 0.05) x 10−4 11.56 ± 0.13 
Run 2 (2.63 ± 0.11) x 10−4 12.23 ± 0.35 
Run 3 (1.84 ± 0.05) x 10−4 10.63 ± 0.18 
























Figure 5.69. Formation of 2.5 from complex 2.4k at −30°C (Run 1). 
 








101 2679.26 123.211 0.47 
202 2661.31 224.027 0.86 
303 2578.84 280.035 1.11 
404 2541.88 364.645 1.47 
505 2519.17 413.461 1.68 
606 2479.33 456.163 1.88 
707 2479.9 531.448 2.19 
808 2481.86 586.843 2.42 
909 2441.38 641.306 2.68 
1010 2446.59 694.574 2.90 
1111 2440.03 736.653 3.09 
1212 2446.61 811.095 3.39 
1313 2477.05 833.293 3.44 
1414 2501.63 877.968 3.59 
1515 2484.67 929.894 3.82 
1616 2478.48 972.12 4.01 
1717 2491.62 1025.58 4.21 
1818 2478.99 1079.14 4.45 
1919 2498.12 1121.6 4.59 
2020 2513.89 1148.05 4.67 




Table 5.50. (cont.) 
2222 2529.52 1243.29 5.02 
2323 2518.42 1258.28 5.11 
2424 2499.02 1290.29 5.28 
2525 2492.76 1335.92 5.48 
2626 2465.92 1354.48 5.61 
2727 2465.75 1410.1 5.84 
2828 2475.06 1433.88 5.92 
2929 2509.88 1476.41 6.01 
3030 2498.99 1512.02 6.18 
3131 2506.26 1532.51 6.25 
3232 2521.75 1564.27 6.34 
3333 2498.57 1611.38 6.59 
3434 2511.47 1653.44 6.73 
3535 2512.34 1681.34 6.84 
3636 2519.78 1710.63 6.94 
3737 2508.49 1724.44 7.03 
3838 2508.22 1757.6 7.16 
3939 2508.39 1797.25 7.32 
4040 2517.6 1820.71 7.39 
4141 2509.82 1843.57 7.51 
4242 2512.4 1867.6 7.60 
4343 2511.49 1906.07 7.76 
4444 2527.72 1943.36 7.86 
4545 2517.06 1949.55 7.92 
4646 2517.13 1985.98 8.06 
4747 2523.6 1998.59 8.09 
4848 2506.96 2012.36 8.20 
4949 2520.59 2033.07 8.24 
5050 2496.7 2070.22 8.47 
5151 2517.51 2100.42 8.53 
5252 2518.22 2122.54 8.61 
5353 2499.3 2128.04 8.70 
5454 2491.88 2138.02 8.77 
5555 2486.08 2148.63 8.83 
5656 2474.73 2166.22 8.95 
5757 2495.01 2185.08 8.95 
5858 2495.26 2223.44 9.11 
5959 2477.49 2223.67 9.17 
6060 2472.63 2214.56 9.15 
6161 2451.57 2218.66 9.25 
  
 232 
Table 5.50. (cont.) 
6262 2480.37 2268.93 9.35 
6363 2496.76 2307.94 9.45 
6464 2494.04 2327.46 9.54 




Figure 5.70. Formation of 2.5 from complex 2.4k at −30°C (Run 2). 
 








101 286.699 37.0951 0.14 
202 268.384 119.789 0.61 
303 256.513 172.32 0.67 
404 252.627 211.216 0.82 
505 242.445 266.369 1.04 
606 236.901 337.288 1.44 
707 229.555 365.777 1.43 
808 236.473 388.161 1.55 
909 226.774 437.934 1.76 
1010 239.885 499.11 2.01 
1111 222.87 520.427 2.09 
1212 223.349 585.01 2.34 
1313 232.38 605.499 2.38 
1414 243.28 657.95 2.55 
1515 243.879 676.203 2.67 
  
 233 
Table 5.51. (cont.) 
1616 237.742 712.489 2.83 
1717 233.078 763.338 2.98 
1818 244.254 778.389 3.04 
1919 235.238 810.986 3.20 
2020 246.936 845.311 3.30 
2121 244.266 880.017 3.44 
2222 237.056 900.474 3.47 
2323 243.463 944.449 3.69 
2424 245.653 981.717 3.84 
2525 241.901 1002.45 3.93 
2626 248.438 1044.36 4.06 
2727 245.185 1057.39 4.13 
2828 244.014 1098.17 4.28 
2929 238.265 1128.31 4.39 
3030 244.301 1141.91 4.47 
3131 237.646 1165.13 4.58 
3232 242.073 1186.96 4.65 
3333 241.57 1210.98 4.79 
3434 249.979 1245.49 4.88 
3535 243.872 1276.66 5.02 
3636 246.099 1299.93 5.07 
3737 248.435 1327.28 5.20 
3838 239.981 1352 5.31 
3939 250.93 1369.6 5.34 
4040 233.038 1382.4 5.41 
4141 245.144 1426.38 5.59 
4242 248.435 1461.61 5.77 
4343 248.435 1447.35 5.71 
4444 239.981 1493.86 5.87 
4545 250.93 1537.23 6.02 
4646 233.038 1521.42 5.97 
4747 245.144 1559.94 6.10 
4848 240.198 1565.6 6.20 
4949 250.854 1620.02 6.35 
5050 239.981 1626.52 6.38 
5151 250.93 1660.2 6.60 
5252 248.435 1655.93 6.55 
5353 239.981 1685.55 6.68 
5454 250.93 1702.58 6.72 
5555 233.038 1756.36 6.87 
  
 234 
Table 5.51. (cont.) 
5656 245.144 1745.21 6.89 
5757 240.198 1775.18 6.95 
5858 250.854 1787.06 6.99 
5959 233.038 1824.58 7.21 
6060 245.144 1832.45 7.24 
6161 240.198 1849.86 7.29 
6262 250.854 1846.7 7.35 
6363 240.198 1861.84 7.38 
6464 250.854 1880.9 7.39 
6565 242.62 1909.08 7.60 
 
 
Figure 5.71. Formation of 2.5 from complex 2.4k at −30°C (Run 3). 
 








101 2420.17 65.8729 0.28 
202 2410.75 144.885 0.61 
303 2653.34 224.431 0.86 
404 2337.43 276.021 1.21 
505 2586.91 325.21 1.28 
606 2272.96 369.244 1.66 
707 2242.89 453.556 2.07 
808 2299.76 491.193 2.18 
909 2289.08 538.467 2.40 
1010 2267.69 583.578 2.63 
  
 235 
Table 5.52. (cont.) 
1111 2286.5 617.644 2.76 
1212 2248.82 674.241 3.06 
1313 2261.09 741.8 3.35 
1414 2245.76 763.656 3.48 
1515 2227.79 809.148 3.71 
1616 2232.55 843.223 3.86 
1717 2220.4 907.189 4.18 
1818 2264.48 965.323 4.36 
1919 2266.1 1006.02 4.54 
2020 2515.79 1025.15 4.16 
2121 2255.65 1060.62 4.81 
2222 2246.96 1112.45 5.06 
2323 2492.32 1175.68 4.82 
2424 2218.14 1188.67 5.48 
2525 2416.49 1207.68 5.11 
2626 2253.17 1229.79 5.58 
2727 2274.85 1276.42 5.73 
2828 2257.23 1322.07 5.99 
2929 2219.49 1333.51 6.14 
3030 2280.46 1374.55 6.16 
3131 2384.95 1404.03 6.02 
3232 2443.64 1458.96 6.10 
3333 2280.61 1449.31 6.49 
3434 2244.01 1522.66 6.93 
3535 2214.46 1524.78 7.04 
3636 2235.91 1519.71 6.95 
3737 2239 1619 7.39 
3838 2231.35 1603.94 7.35 
3939 2208.85 1647.95 7.62 
4040 2290.74 1812.6 8.09 
4141 2209.62 1675.18 7.75 
4242 2208.45 1677.77 7.76 
4343 2227.05 1750.57 8.03 
4444 2236.21 1764.47 8.06 
4545 2188.48 1760.54 8.22 
4646 2323.01 1757.1 7.73 
4747 2248.51 2032.25 9.24 
4848 2254.86 1864.76 8.45 
4949 2510.31 1862.3 7.58 
5050 2262.54 1885.48 8.52 
  
 236 
Table 5.52. (cont.) 
5151 2305.13 1948.55 8.64 
5252 2242.72 2121.83 9.67 
5353 2301.26 2130.25 9.46 
5454 2228.26 1959.62 8.99 
5555 2270.99 1979.74 8.91 
5656 2486.49 1998.81 8.22 
5757 2267.25 2009.35 9.06 
5858 2284.24 2039.6 9.13 
5959 2415.33 2049.43 8.67 
6060 2267.88 2078.45 9.37 
6161 2269.36 2078.29 9.36 
6262 2420.66 2117.08 8.94 
6363 2311.74 2125.86 9.40 
6464 2266.59 2121.46 9.57 




Experiment 5.15: Cross-coupling Product Formation from trans-Butane-2,3-diol Complex 
2.4m at –30 °C 
 
A 1-mL volumetric flask was charged with freshly sublimed trans-butane-2,3-diol 4-
fluorophenylboronic ester (44.0 mg, 210 µmol). Then ~0.5 mL of THF (NaK) was added and 
mixed until the solid had dissolved. Once the solid was dissolved, the flask was filled to the mark 
with THF (NaK) generating a 0.21 M solution of trans-butane-2,3-diol 4-fluorophenylboronic 
ester. 
A 2-mL volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
dissolving with THF (NaK) to the 2-mL mark. Three oven dried, 5-mm, NMR tubes were taken 
into the dry box and 500 µL of the freshly prepared solution was added to each. The tubes were 
capped with a septum and Teflon taped. The samples were removed from the glove box and 
inserted into a −78 °C acetone dry-ice bath. For each run, the 2-hydroxy-2-methylpropanoic acid 
4-fluorophenylboronate solution (95 µL, 20.5 µmol, 2.0 equiv) was added via a 100 µL glass 
syringe at –78 °C. The NMR tube was vortexed (not shaken) and cleaned with a Kimwipe 
followed by re-insertion into the −78 °C bath. Then the tube was placed into the NMR probe set 
to −30 °C. 
Using the fluorine channel to collect a spectrum every 16 s the progress of the reaction 
was monitored by the and formation of cross-coupling product (−116.45 ppm) in comparison 
with the internal reference 1,4-difluorobenzene (−120.00 ppm). A first-order rate equation could 
















THF, -78 ∘C → -30 °C
F
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Figure 5.72. Formation of 2.5 from complex 2.4m at −30°C (Run 1). 
 









16 17.83 1.61 1.55 
32 17.34 8.44 8.31 
48 15.56 18.11 19.86 
64 15.53 24.07 26.46 
80 15.24 26.73 29.94 
96 14.79 28.09 32.42 
112 14.91 28.93 33.11 
128 15.52 30.27 33.30 
144 15.68 30.70 33.43 
160 16.02 32.74 34.89 
176 17.00 33.06 33.20 
192 16.70 32.86 33.60 
208 16.58 33.64 34.63 
224 16.59 32.98 33.94 
240 17.70 34.24 33.03 
256 16.52 34.13 35.26 
272 16.87 34.98 35.40 
288 17.64 34.50 33.39 























Transmetalation Rate from trans-butane-2,3-diol ester (1 equiv w.r.t. Pd, 
–30 °C) - Run 1
  
 239 
Table 5.53. (cont.) 
320 16.77 35.86 36.50 
336 17.41 36.28 35.59 
352 17.41 34.94 34.27 
368 16.80 36.32 36.90 
384 16.61 35.68 36.68 
400 17.49 35.53 34.69 
416 17.14 36.65 36.50 
432 17.39 35.20 34.56 
448 16.90 36.63 37.00 
464 16.90 36.33 36.70 
480 17.17 36.86 36.66 
496 16.31 36.94 38.66 
512 17.28 37.09 36.64 
528 17.39 36.92 36.25 
544 16.86 37.54 38.01 
560 17.33 37.76 37.20 
576 16.90 37.11 37.49 
592 17.07 37.51 37.53 
608 17.24 37.46 37.10 
624 17.23 36.76 36.42 
640 17.20 37.04 36.77 
656 16.96 38.10 38.34 
672 17.09 37.69 37.66 
688 17.76 37.63 36.18 
704 17.16 37.78 37.58 
720 17.58 37.18 36.11 
736 16.97 37.89 38.12 
752 17.24 37.84 37.46 
768 17.73 38.18 36.76 
784 17.36 38.03 37.40 
800 17.70 38.32 36.97 
816 16.71 38.01 38.84 
832 17.61 37.91 36.76 
848 17.62 37.66 36.50 
864 17.47 38.67 37.80 
880 16.88 38.68 39.13 
  
 240 
Table 5.53. (cont.) 
896 17.32 37.84 37.29 
912 17.60 38.58 37.43 
928 17.75 37.84 36.40 
944 17.11 38.08 38.00 
960 17.11 38.28 38.20 
 
 
Figure 5.73. Formation of 2.5 from complex 2.4m at −30°C (Run 2). 
 









16 21.52 1.52 1.20 
32 19.79 8.63 7.45 
48 18.61 16.71 15.33 
64 18.31 21.61 20.16 
80 17.70 24.11 23.26 
96 18.41 25.39 23.55 
112 18.82 26.70 24.22 
128 17.83 28.01 26.83 
144 18.32 28.15 26.24 
160 18.36 29.73 27.64 
176 18.14 29.69 27.94 





















Transmetalation Rate from trans-butane-2,3-diol ester (1 equiv w.r.t. Pd, 
–30 °C) - Run 2
  
 241 
Table 5.54. (cont.) 
208 18.17 30.47 28.62 
224 18.77 31.32 28.48 
240 18.87 31.58 28.57 
256 18.50 31.23 28.82 
272 18.43 31.85 29.51 
288 18.02 32.25 30.56 
304 19.22 32.94 29.26 
320 18.30 33.10 30.87 
336 18.47 32.37 29.92 
352 18.37 32.13 29.86 
368 19.25 33.21 29.45 
384 18.63 32.85 30.11 
400 19.30 32.75 28.97 
416 18.99 33.75 30.35 
432 18.43 33.70 31.21 
448 18.39 33.57 31.17 
464 18.39 33.97 31.54 
480 18.67 33.79 30.90 
496 19.23 34.28 30.43 
512 19.42 33.90 29.80 
528 18.40 33.43 31.02 
544 18.87 33.82 30.59 
560 18.99 34.50 31.01 
576 19.60 34.40 29.96 
592 18.52 33.75 31.11 
608 20.23 33.95 28.65 
624 19.68 34.42 29.86 
640 19.39 34.13 30.06 
656 19.04 33.88 30.38 
672 19.17 34.22 30.48 
688 19.51 34.46 30.15 
704 19.00 34.48 30.98 
720 18.92 34.14 30.81 
736 18.25 33.90 31.72 
752 19.15 35.00 31.21 
768 18.67 34.89 31.91 
  
 242 
Table 5.54. (cont.) 
784 19.10 34.60 30.92 
800 18.87 34.60 31.30 
816 19.30 35.07 31.03 
832 19.39 34.67 30.53 
848 18.77 35.87 32.63 
864 19.50 35.26 30.86 
880 18.99 34.53 31.04 
896 19.29 34.67 30.69 
912 19.36 35.19 31.03 
928 19.32 34.92 30.86 
944 19.39 35.56 31.31 
960 19.23 34.82 30.91 
 
 
Figure 5.74. Formation of 2.5 from complex 2.4m at −30°C (Run 3). 
 









16 19.94 1.10 0.94 
32 18.97 7.16 6.45 
48 18.27 16.15 15.09 
64 18.06 21.91 20.71 





















Transmetalation Rate from trans-butane-2,3-diol ester XX (1 equiv w.r.t. Pd, 
–30 °C) - Run 3
  
 243 
Table 5.55. (cont.) 
96 19.01 26.17 23.51 
112 19.35 26.30 23.20 
128 19.31 27.51 24.32 
144 19.84 28.17 24.23 
160 18.98 28.49 25.64 
176 19.11 28.98 25.90 
192 19.51 30.44 26.64 
208 19.58 30.60 26.68 
224 19.52 31.79 27.81 
240 19.01 31.46 28.25 
256 19.05 30.04 26.92 
272 19.10 31.41 28.08 
288 19.19 32.46 28.87 
304 20.26 31.41 26.46 
320 20.10 31.02 26.36 
336 19.54 32.14 28.08 
352 20.81 31.39 25.76 
368 20.31 32.04 26.93 
384 19.53 32.55 28.46 
400 19.96 32.72 27.98 
416 19.77 32.14 27.76 
432 19.98 32.22 27.53 
448 19.85 33.01 28.39 
464 20.97 33.33 27.14 
480 19.40 32.85 28.91 
496 19.82 33.43 28.80 
512 19.99 32.99 28.18 
528 20.14 32.48 27.54 
544 20.05 33.40 28.44 
560 20.64 32.90 27.21 
576 20.25 33.48 28.22 
592 19.67 33.43 29.02 
608 19.15 33.97 30.29 
624 19.52 32.98 28.84 
640 20.13 34.41 29.19 
656 20.53 33.04 27.48 
  
 244 
Table 5.55. (cont.) 
672 19.72 32.59 28.22 
688 19.86 34.65 29.78 
704 20.56 33.27 27.63 
720 20.89 33.84 27.66 
736 19.80 33.76 29.11 
752 19.68 33.56 29.12 
768 20.78 34.46 28.30 
784 21.52 33.42 26.52 
800 20.88 34.15 27.93 
816 19.87 34.12 29.32 
832 19.68 33.83 29.35 
848 19.04 34.17 30.65 
864 21.55 33.16 26.26 
880 20.23 33.55 28.31 
896 20.29 34.07 28.67 
912 19.94 33.29 28.50 
928 19.66 34.90 30.31 
944 20.36 33.05 27.72 





Experiment 5.16: Cross-coupling Product Formation from trans-Butane-2,3-diol Complex 
2.4m at –55 °C 
 
A 1-mL volumetric flask was charged with freshly sublimed trans-butane-2,3-diol 4-
fluorophenylboronic ester (44.0 mg, 210 µmol). Then ~0.5 mL of THF (NaK) was added and 
mixed until the solid had dissolved. Once the solid was dissolved, the flask was filled to the mark 
with THF (NaK) generating a 0.21 M solution of trans-butane-2,3-diol 4-fluorophenylboronic 
ester. 
A 2-mL volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
dissolving with THF (NaK) to the 2-mL mark. Three oven dried, 5-mm, NMR tubes were taken 
into the dry box and 500 µL of the freshly prepared solution was added to each. The tubes were 
capped with a septum and Teflon taped. The samples were removed from the glove box and 
inserted into a −78 °C acetone dry-ice bath. For each run, the 2-hydroxy-2-methylpropanoic acid 
4-fluorophenylboronate solution (95 µL, 20.5 µmol, 2.0 equiv) was added via a 100 µL glass 
syringe at –78 °C. The NMR tube was vortexed (not shaken) and cleaned with a Kimwipe 
followed by re-insertion into the −78 °C bath. Then the tube was placed into the NMR probe set 
to −55 °C. 
Using the fluorine channel to collect a spectrum every 16 s the progress of the reaction 
was monitored by the and formation of cross-coupling product (−116.45 ppm) in comparison 
with the internal reference 1,4-difluorobenzene (−120.00 ppm). A first-order rate equation could 

















THF, -78 ∘C → -55 °C
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Figure 5.75. Formation of 2.5 from complex 2.4m at −55°C (Run 1). 
 









16 42.56 0.07 0.01823987 
32 41.37 -0.23 -0.0586387 
48 37.08 -0.05 -0.013045 
64 37.04 1.11 0.31960309 
80 39.59 2.48 0.6673902 
96 39.98 3.31 0.88343124 
112 40.13 4.47 1.18858268 
128 38.86 5.91 1.62241959 
144 39.06 7.02 1.91668374 
160 38.31 8.49 2.36588472 
176 39.47 9.97 2.69570137 
192 39.25 12.27 3.3353061 
208 38.37 13.60 3.78218128 
224 41.74 14.75 3.77001589 
240 40.27 16.86 4.46696422 
256 41.42 19.29 4.96975128 
272 39.98 21.33 5.69158343 
288 41.58 22.33 5.73045258 





















Transmetalation from trans-Butane-2,3-diol ester, (1 equiv w.r.t. 






Table 5.56. (cont.) 
320 40.13 26.06 6.93056276 
336 40.42 27.74 7.32242424 
352 40.51 29.49 7.76777854 
368 40.17 31.00 8.23504259 
384 40.46 34.95 9.21758881 
400 41.67 35.73 9.15058115 
416 40.71 37.14 9.73334615 
432 41.13 39.44 10.2317135 
448 40.07 41.17 10.9629987 
464 39.27 43.29 11.7617505 
480 39.57 44.31 11.9493131 
496 41.57 44.98 11.5477777 
512 38.31 47.82 13.3191655 
528 39.88 49.89 13.3500703 
544 37.82 50.18 14.1579275 
560 39.92 52.17 13.9443881 
576 39.36 54.00 14.6405229 
592 39.59 53.91 14.5304877 
608 38.99 55.56 15.2055867 
624 38.06 57.11 16.013328 
640 38.96 58.42 15.9995472 
656 40.37 59.69 15.7770153 
672 38.55 59.93 16.5875328 
688 38.79 61.73 16.9808734 
704 39.95 62.14 16.6005399 
720 40.59 65.92 17.327955 
736 39.82 64.42 17.2635041 
752 37.92 65.42 18.4086426 
768 38.47 66.93 18.5633143 
784 39.04 67.92 18.5661977 
800 38.70 68.24 18.8163866 
816 38.93 68.74 18.8426912 
832 38.55 69.09 19.1257162 
848 38.24 70.85 19.7681503 
864 38.44 71.38 19.8146297 
880 37.35 73.94 21.1221223 
  
 248 
Table 5.56. (cont.) 
896 38.35 73.74 20.5147628 
912 36.74 76.87 22.3264666 
928 38.96 74.32 20.3530645 
944 39.25 75.07 20.41055 
960 38.74 74.31 20.4696652 
 
 
Figure 5.76. Formation of 2.5 from complex 2.4m at −55°C (Run 2). 
 









16 44.96 -0.44 -0.10 
32 41.01 -0.30 -0.08 
48 40.37 -0.16 -0.04 
64 40.29 0.74 0.20 
80 40.70 1.96 0.51 
96 40.26 2.22 0.59 
112 41.03 3.78 0.98 
128 40.18 5.26 1.40 
144 40.04 6.54 1.74 
160 39.71 7.89 2.12 
176 41.31 9.18 2.37 





















Transmetalation from trans-Butane-2,3-diol ester, (1 equiv w.r.t. 






Table 5.57. (cont.) 
208 39.37 12.44 3.37 
224 40.46 14.03 3.70 
240 41.61 16.12 4.13 
256 42.01 18.00 4.57 
272 40.40 20.73 5.48 
288 38.83 21.24 5.84 
304 40.18 23.44 6.22 
320 41.22 25.68 6.65 
336 40.66 27.71 7.27 
352 40.43 28.64 7.56 
368 39.98 31.58 8.43 
384 40.34 33.58 8.88 
400 40.30 34.46 9.12 
416 38.92 36.83 10.10 
432 39.29 37.77 10.26 
448 41.31 39.69 10.25 
464 40.88 42.13 11.00 
480 38.89 44.12 12.10 
496 41.89 45.42 11.57 
512 40.34 47.55 12.58 
528 40.01 47.28 12.61 
544 41.44 49.12 12.65 
560 39.86 51.35 13.75 
576 41.03 52.15 13.56 
592 39.63 53.15 14.31 
608 39.21 54.96 14.96 
624 40.99 56.07 14.60 
640 39.05 57.36 15.67 
656 40.89 57.87 15.10 
672 39.15 60.16 16.40 
688 39.41 60.58 16.40 
704 39.40 61.80 16.74 
720 39.94 62.22 16.62 
736 40.32 63.78 16.88 
752 37.54 63.99 18.19 
768 38.90 65.30 17.91 
  
 250 
Table 5.57. (cont.) 
784 39.56 64.36 17.36 
800 38.99 65.87 18.03 
816 39.67 67.60 18.18 
832 39.40 68.30 18.50 
848 38.59 69.26 19.15 
864 37.67 69.85 19.79 
880 38.96 69.37 19.00 
896 39.19 69.95 19.04 
912 38.03 71.18 19.97 
928 38.55 72.65 20.11 
944 39.68 72.25 19.43 
960 39.64 73.32 19.74 
 
 
Figure 5.77. Formation of 2.5 from complex 2.4m at −55°C (Run 3). 
 









16 45.08 0.04 0.01 
32 42.72 -0.03 -0.01 
48 41.42 0.80 0.21 
64 41.84 1.21 0.31 





















Transmetalation from trans-Butane-2,3-diol ester, (1 equiv w.r.t. 






Table 5.58. (cont.) 
96 41.65 3.22 0.82 
112 40.84 4.44 1.16 
128 41.97 5.73 1.46 
144 41.53 7.20 1.85 
160 41.80 8.56 2.18 
176 42.44 10.68 2.68 
192 40.58 11.87 3.12 
208 42.07 13.69 3.47 
224 42.07 15.27 3.87 
240 41.12 17.30 4.49 
256 41.61 19.26 4.94 
272 40.67 21.03 5.52 
288 41.67 23.21 5.94 
304 42.41 24.28 6.11 
320 41.55 26.65 6.84 
336 40.85 28.54 7.46 
352 41.61 30.81 7.90 
368 41.93 32.46 8.26 
384 41.10 34.48 8.95 
400 42.38 35.99 9.06 
416 41.61 37.77 9.69 
432 41.48 39.42 10.14 
448 42.53 41.61 10.44 
464 41.61 43.69 11.20 
480 41.11 44.76 11.62 
496 42.56 47.07 11.80 
512 41.69 48.27 12.36 
528 41.48 49.59 12.76 
544 41.19 50.63 13.12 
560 41.07 52.72 13.70 
576 41.45 54.15 13.94 
592 41.64 55.46 14.21 
608 40.85 56.56 14.78 
624 41.42 58.32 15.03 
640 41.01 58.79 15.30 
656 41.06 60.31 15.67 
  
 252 
Table 5.58. (cont.) 
672 42.00 60.87 15.47 
688 40.57 62.73 16.50 
704 41.05 63.05 16.39 
720 40.29 64.18 17.00 
736 40.01 65.37 17.44 
752 42.10 66.35 16.82 
768 41.55 66.46 17.07 
784 41.38 67.23 17.34 
800 41.24 68.63 17.76 
816 40.47 69.46 18.31 
832 40.95 70.54 18.38 
848 39.55 70.21 18.94 
864 40.55 71.88 18.92 
880 40.63 73.08 19.19 
896 40.71 73.02 19.14 
912 40.91 73.45 19.16 
928 40.08 74.66 19.88 
944 40.18 74.56 19.80 




Experiment 5.17: Cross-coupling Product Formation from cis-Cyclohexane-1,2-diol 
Complex 2.4p 
 
A 1-mL volumetric flask was charged with freshly sublimed cis-cyclohexane-1,2-diol 4-
fluorophenylboronic ester (44.0 mg, 210 µmol). Then ~0.5 mL of THF (NaK) was added and 
mixed until the solid had dissolved. Once the solid was dissolved, the flask was filled to the mark 
with THF (NaK) generating a 0.21 M solution of cis-cyclohexane-1,2-diol 4-
fluorophenylboronic ester. 
A 2-mL volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
dissolving with THF (NaK) to the 2-mL mark. Three oven dried, 5-mm, NMR tubes were taken 
into the dry box and 500 µL of the freshly prepared solution was added to each. The tubes were 
capped with a septum and Teflon taped. The samples were removed from the glove box and 
inserted into a −78 °C acetone dry-ice bath. For each run, the cis-cyclohexane-1,2-diol 4-
fluorophenylboronic ester solution (95 µL, 20.5 µmol, 2.0 equiv) was added via a 100 µL glass 
syringe at –78 °C. The NMR tube was vortexed (not shaken) and cleaned with a Kimwipe 
followed by re-insertion into the −78 °C bath. Then the tube was placed into the NMR probe set 
to −55 °C. 
Using the fluorine channel to collect a spectrum every 16 s the progress of the reaction 
was monitored by the and formation of cross-coupling product (−116.45 ppm) in comparison 
with the internal reference 1,4-difluorobenzene (−120.00 ppm). A first-order rate equation could 































Figure 5.78. Formation of 2.5 from complex 2.2p at −30°C (Run 1). 
 
Table 5.59. Data for the Formation of 2.5 from Complex 2.2p at −30°C (Run 1). 


















16 38.27 -0.16 -0.04 2.23 0.34 11.68 
32 33.04 -0.12 -0.04 5.15 1.35 11.74 
48 29.35 2.14 0.78 8.41 2.38 9.15 
64 28.04 3.38 1.29 11.04 3.31 6.67 
80 28.68 5.43 2.02 12.29 3.72 4.38 
96 28.34 7.18 2.70 13.19 4.15 3.31 
112 27.83 8.44 3.24 14.06 4.09 2.64 
128 27.78 10.19 3.91 14.02 4.24 1.50 
144 28.66 11.09 4.13 13.65 4.18 2.38 
160 27.41 12.46 4.85 13.90 4.19 1.87 
176 27.50 13.82 5.36 13.60 3.98 1.79 
192 27.95 15.58 5.95 13.27 3.91 1.63 
208 27.38 16.28 6.34 13.02 3.81 0.34 
224 27.73 17.60 6.77 12.67 3.88 0.45 
240 29.08 19.59 7.19 11.77 3.52 1.04 
256 27.42 20.76 8.08 12.15 3.58 0.35 
272 28.25 22.56 8.52 11.64 3.46 0.38 























Transmetalation from cis-Cyclohexanediol Ester (1 equiv w.r.t. 







Table 5.59. (cont.) 
304 26.31 25.12 10.19 11.62 3.49 1.71 
320 27.61 27.48 10.62 10.84 3.06 1.56 
336 27.57 28.24 10.93 10.60 3.03 1.51 
352 27.20 29.55 11.59 10.32 2.81 1.20 
368 27.02 30.84 12.18 9.99 2.96 1.19 
384 28.45 32.73 12.28 9.41 2.76 1.47 
400 27.43 34.37 13.37 9.67 2.60 0.74 
416 27.74 35.90 13.81 9.03 2.53 0.51 
432 26.79 37.63 14.99 9.01 2.62 0.89 
448 27.36 38.67 15.08 8.32 2.39 0.51 
464 28.07 39.77 15.12 8.06 2.38 1.06 
480 25.96 40.67 16.72 8.60 2.20 0.92 
496 27.93 42.20 16.12 7.48 2.21 0.32 
512 26.10 44.11 18.03 7.79 2.07 0.34 
528 27.77 44.76 17.20 7.11 1.92 0.68 
544 27.15 45.39 17.84 7.06 2.05 0.62 
560 27.97 47.96 18.30 6.54 1.75 0.41 
576 27.20 48.27 18.94 6.32 1.70 0.87 
592 28.05 49.73 18.92 5.93 1.55 0.37 
608 27.20 51.41 20.17 6.00 1.65 0.40 
624 27.83 52.06 19.96 5.69 1.45 0.59 
640 27.75 52.23 20.09 5.64 1.37 -0.06 
656 27.59 54.19 20.96 5.22 1.57 0.24 
672 27.03 55.40 21.88 5.12 1.33 -0.02 
688 27.26 55.36 21.67 4.84 1.20 0.34 
704 28.35 56.12 21.12 4.54 1.07 0.30 
720 27.37 57.29 22.34 4.42 1.14 0.08 
736 27.95 58.71 22.42 4.39 1.02 -0.06 
752 25.71 60.02 24.91 4.14 0.98 0.15 
768 26.52 60.50 24.35 4.03 1.15 0.02 
784 27.00 60.90 24.07 3.92 1.11 -0.05 
800 27.76 61.75 23.74 3.56 0.85 -0.05 
816 27.82 61.38 23.54 3.48 0.73 -0.03 
832 27.01 63.03 24.90 3.45 0.81 -0.07 
848 26.67 63.65 25.46 3.21 0.73 -0.02 
864 27.79 64.46 24.75 2.79 0.70 0.04 
  
 256 
Table 5.59. (cont.) 
880 27.05 65.52 25.85 2.85 0.56 -0.06 
896 27.05 65.52 25.85 2.85 0.53 -0.08 
912 27.31 65.88 25.74 2.53 0.50 -0.02 
928 28.12 67.16 25.48 2.52 0.52 -0.03 
944 28.12 66.60 25.27 2.51 0.46 -0.08 
960 27.23 67.99 26.64 2.41 0.60 -0.07 
976 27.01 67.87 26.82 2.21 0.49 -0.10 
992 26.65 68.24 27.32 2.10 0.38 0.06 
1008 27.02 69.68 27.52 2.03 0.41 -0.01 
1024 27.89 69.68 26.66 1.97 0.32 -0.05 
1040 27.73 69.97 26.92 1.94 0.35 -0.04 
1056 27.81 70.43 27.02 1.50 0.15 -0.09 
1072 27.69 70.09 27.01 1.66 0.55 -0.06 
1088 27.62 70.54 27.25 1.55 0.50 -0.05 
1104 27.64 71.63 27.66 1.60 0.44 -0.04 
1120 26.93 72.48 28.72 1.50 0.25 -0.03 
1136 27.44 72.30 28.11 1.51 0.53 0.00 
1152 27.47 72.56 28.18 1.32 0.09 -0.03 
1168 27.66 72.56 28.00 1.08 0.51 -0.02 
1184 26.82 73.04 29.06 1.16 0.08 -0.10 
1200 28.25 73.39 27.72 1.16 0.09 -0.05 
1216 27.17 74.27 29.17 1.30 0.11 -0.07 
1232 28.32 74.05 27.91 1.28 0.29 -0.03 
1248 27.81 74.42 28.56 0.98 0.10 -0.05 
1264 26.64 73.46 29.42 0.91 0.05 -0.03 
1280 27.52 74.76 28.98 0.90 -0.02 -0.07 
1296 27.28 75.10 29.37 0.88 0.04 -0.08 
1312 27.12 75.47 29.69 0.80 0.11 -0.02 
1328 27.12 75.78 29.82 0.76 0.02 -0.08 
1344 27.46 75.32 29.27 0.76 -0.01 -0.07 
1360 27.06 76.23 30.06 0.62 -0.11 -0.05 
1376 28.80 75.21 27.86 0.64 -0.12 -0.05 
1392 27.63 75.86 29.30 0.65 -0.05 -0.06 
1408 27.87 76.36 29.24 0.70 0.01 -0.10 
1424 27.19 76.54 30.04 0.53 0.06 -0.02 
1440 27.63 76.97 29.73 0.49 0.23 -0.04 
  
 257 
Table 5.59. (cont.) 
1456 27.44 77.21 30.02 0.87 0.08 -0.10 
1472 27.40 77.00 29.99 0.61 -0.03 -0.04 
1488 27.84 76.91 29.48 0.54 -0.09 -0.10 
1504 27.15 76.64 30.13 0.71 0.01 -0.10 
1520 26.68 77.45 30.98 0.54 0.03 -0.02 
1536 27.13 77.45 30.47 0.60 -0.07 -0.11 
1552 27.17 78.09 30.67 0.57 0.17 -0.08 
1568 26.60 78.37 31.44 0.30 -0.13 -0.08 
1584 27.93 77.93 29.78 0.42 0.07 -0.05 
1600 27.87 77.85 29.81 0.55 -0.02 -0.10 
 
 
Figure 5.79. Formation of 2.5 from complex 2.2p at −30°C (Run 2). 
 
Table 5.60. Data for the Formation of 2.5 from Complex 2.2p at −30°C (Run 2). 


















16 38.77 -0.02 -0.01 2.30 0.77 13.57 
32 33.85 0.70 0.22 5.10 1.62 11.29 
48 30.80 1.74 0.60 8.08 2.92 8.81 
64 29.48 3.87 1.40 10.44 3.74 6.04 
80 30.18 5.78 2.04 11.39 4.12 4.32 
96 29.86 7.92 2.83 12.11 4.36 2.98 






















Transmetalation from cis-Cyclohexanediol Ester XX (1 equiv w.r.t. 







Table 5.60. (cont.) 
128 28.83 9.87 3.65 12.82 4.70 2.21 
144 29.47 12.03 4.36 12.75 4.50 1.95 
160 29.05 13.20 4.85 12.61 4.37 1.57 
176 29.87 14.23 5.08 12.34 4.51 1.17 
192 30.12 16.34 5.79 11.81 4.17 0.00 
208 29.59 17.68 6.38 11.72 4.10 1.58 
224 29.24 19.14 6.98 11.86 4.12 0.03 
240 29.67 20.63 7.42 11.20 3.94 1.15 
256 29.12 21.47 7.87 11.35 4.14 1.12 
272 29.71 23.63 8.48 10.76 3.88 0.52 
288 28.24 25.24 9.54 10.75 3.70 0.84 
304 28.87 27.08 10.01 10.53 3.75 1.02 
320 28.12 27.50 10.43 10.32 3.55 1.26 
336 28.80 29.43 10.91 9.91 3.47 0.90 
352 28.66 31.38 11.69 9.61 3.36 0.95 
368 30.28 32.86 11.58 8.72 3.11 0.90 
384 28.59 35.49 13.25 8.95 3.17 0.91 
400 29.07 35.45 13.01 8.67 3.00 0.67 
416 28.41 37.70 14.16 8.44 2.89 0.75 
432 28.65 38.37 14.29 8.19 2.89 0.49 
448 29.53 40.08 14.48 7.78 2.85 0.54 
464 29.00 41.17 15.15 7.73 2.79 0.53 
480 28.46 44.46 16.67 7.42 2.59 0.27 
496 28.03 44.65 17.00 7.02 2.23 0.26 
512 28.59 44.67 16.67 6.87 2.39 0.44 
528 28.08 47.61 18.09 6.73 2.25 0.22 
544 28.85 49.72 18.39 6.41 2.21 0.48 
560 29.05 49.63 18.23 6.35 2.16 0.46 
576 28.42 51.71 19.42 5.87 1.90 0.30 
592 29.31 52.33 19.05 5.52 1.85 0.39 
608 28.13 53.79 20.40 5.80 1.88 0.48 
624 29.22 54.37 19.85 5.43 1.92 0.26 
640 28.48 56.60 21.21 5.25 1.70 -0.03 
656 28.27 56.67 21.39 5.01 1.59 0.25 
672 29.61 57.76 20.82 4.73 1.57 0.50 
688 28.57 58.78 21.95 4.74 1.65 0.30 
  
 259 
Table 5.60. (cont.) 
704 28.38 59.69 22.44 4.56 1.40 0.02 
720 28.64 60.00 22.36 4.34 1.36 0.19 
736 28.94 61.43 22.65 4.03 1.16 0.15 
752 30.07 63.30 22.47 3.83 1.28 0.00 
768 27.82 63.28 24.27 4.03 1.26 0.01 
784 29.15 64.27 23.52 3.55 0.98 -0.02 
800 28.08 64.88 24.66 3.39 0.93 0.23 
816 29.96 66.41 23.65 3.21 1.17 -0.04 
832 27.89 66.42 25.41 3.15 0.92 0.06 
848 29.32 67.10 24.42 2.94 1.08 0.00 
864 28.50 67.85 25.40 2.88 0.99 -0.10 
880 29.41 67.93 24.65 2.79 1.00 0.06 
896 28.45 69.15 25.94 2.50 0.58 0.02 
912 28.27 69.96 26.41 2.79 0.82 0.10 
928 29.06 70.40 25.85 2.44 0.92 0.06 
944 28.17 71.10 26.93 2.46 0.53 0.01 
960 28.31 70.40 26.54 2.28 0.44 0.01 
976 30.25 71.96 25.39 2.16 0.71 -0.01 
992 29.44 71.47 25.90 2.26 0.78 -0.03 
1008 28.20 72.39 27.39 2.01 0.57 -0.01 
1024 28.08 73.65 27.98 1.99 0.37 -0.06 
1040 29.34 73.29 26.66 1.90 0.61 -0.02 
1056 28.86 74.18 27.43 1.73 0.57 -0.02 
1072 29.59 73.96 26.67 1.62 0.57 -0.05 
1088 27.44 75.01 29.17 1.81 0.48 -0.05 
1104 28.54 74.71 27.94 1.55 0.32 -0.05 
1120 29.59 75.58 27.26 1.52 0.43 -0.05 
1136 27.76 75.85 29.16 1.61 0.28 -0.09 
1152 29.55 76.83 27.74 1.39 0.45 -0.01 
1168 28.61 76.25 28.44 1.36 0.47 -0.07 
1184 28.22 76.47 28.92 1.35 0.35 -0.09 
1200 28.44 76.75 28.80 1.14 0.22 -0.06 
1216 28.66 77.46 28.84 1.13 0.50 0.01 
1232 28.78 76.81 28.48 1.23 0.19 -0.03 




Table 5.60. (cont.) 
1264 29.43 77.83 28.21 1.11 0.39 -0.04 
1280 28.45 78.27 29.36 1.16 0.22 -0.05 
1296 29.94 78.63 28.03 0.98 0.30 -0.03 
1312 28.76 78.79 29.23 0.85 0.13 -0.05 
1328 29.24 79.03 28.84 0.99 0.28 -0.04 
1344 27.76 79.75 30.65 0.84 0.07 0.04 
1360 28.98 79.70 29.35 0.83 0.26 0.02 
1376 28.28 80.02 30.20 0.73 0.12 -0.04 
1392 28.12 79.99 30.36 0.75 0.03 -0.10 
1408 29.24 80.83 29.50 0.80 0.25 -0.07 
1424 27.29 80.78 31.59 0.55 -0.05 0.04 
1440 29.66 81.45 29.31 0.70 0.30 -0.03 
1456 29.30 81.14 29.55 0.89 0.32 0.00 
1472 28.69 81.60 30.35 0.68 0.11 -0.08 
1488 29.46 81.02 29.34 0.66 0.14 -0.05 
1504 27.32 81.18 31.71 0.59 -0.14 -0.04 
1520 28.29 81.71 30.82 0.62 0.04 -0.04 
1536 29.10 81.76 29.98 0.67 0.27 -0.02 
1552 29.51 81.85 29.59 0.66 0.23 -0.04 
1568 27.82 82.44 31.62 0.52 -0.12 -0.07 
1584 29.21 82.02 29.96 0.45 0.04 0.01 






Figure 5.80. Formation of 2.5 from complex 2.2p at −30°C (Run 3). 
 
Table 5.61. Data for the Formation of 2.5 from Complex 2.2p at −30°C (Run 3). 


















16 36.12 0.06 0.02 2.81 0.54 12.30 
32 32.99 0.17 0.05 5.55 1.50 11.32 
48 30.77 2.40 0.83 8.29 2.22 8.65 
64 29.51 3.88 1.40 10.64 2.85 5.86 
80 29.10 6.15 2.25 12.22 3.33 3.91 
96 29.29 7.81 2.84 13.00 3.51 2.21 
112 29.17 9.20 3.36 13.29 3.56 1.71 
128 29.19 10.24 3.74 13.17 3.41 1.64 
144 29.57 12.09 4.36 12.86 3.41 1.49 
160 29.48 12.84 4.65 12.93 3.46 0.14 
176 29.48 14.55 5.27 12.65 3.27 0.95 
192 28.90 16.10 5.94 12.73 3.36 0.05 
208 29.21 17.77 6.49 12.27 3.22 0.21 
224 29.17 19.50 7.13 12.22 3.22 0.59 
240 29.37 20.18 7.33 11.66 3.07 0.12 
256 29.48 21.45 7.76 11.40 3.11 1.54 
272 29.18 23.17 8.47 11.07 2.79 0.59 























Transmetalation from cis-Cyclohexanediol Ester XX (1 equiv w.r.t. 







Table 5.61. (cont.) 
304 29.35 26.38 9.59 10.56 2.79 0.29 
320 29.22 27.56 10.07 10.32 2.70 0.64 
336 28.84 28.92 10.70 10.07 2.64 0.46 
352 29.22 30.39 11.10 9.68 2.65 0.47 
368 29.17 31.70 11.59 9.53 2.49 0.21 
384 29.28 33.64 12.26 9.26 2.43 0.61 
400 29.04 34.61 12.72 8.86 2.32 0.59 
416 29.03 36.50 13.42 8.65 2.15 1.00 
432 28.55 37.81 14.13 8.55 2.26 0.47 
448 28.96 39.37 14.51 8.15 2.02 0.45 
464 29.46 40.39 14.63 7.88 2.01 0.50 
480 29.18 41.85 15.30 7.74 1.95 0.31 
496 28.74 43.82 16.27 7.47 1.98 0.44 
512 29.25 44.55 16.25 7.22 1.90 0.48 
528 29.57 45.26 16.33 6.68 1.81 0.52 
544 29.55 47.29 17.07 6.65 1.74 0.79 
560 29.36 48.14 17.50 6.24 1.66 0.36 
576 29.03 49.48 18.18 6.07 1.52 0.27 
592 29.43 50.86 18.44 5.82 1.54 0.26 
608 29.43 51.84 18.80 5.67 1.44 0.22 
624 29.45 53.35 19.33 5.43 1.41 0.30 
640 29.01 53.90 19.83 5.29 1.29 0.29 
656 28.86 54.99 20.34 5.16 1.37 0.00 
672 29.20 55.97 20.45 4.78 1.26 0.06 
688 29.18 56.81 20.78 4.60 1.21 0.18 
704 29.57 57.92 20.90 4.44 1.21 0.04 
720 29.19 59.23 21.65 4.48 1.22 -0.06 
736 29.24 59.90 21.86 4.19 1.14 -0.11 
752 29.30 60.58 22.06 4.01 0.98 0.03 
768 29.32 61.41 22.35 3.92 1.01 0.00 
784 29.07 62.26 22.85 3.82 0.90 -0.01 
800 29.03 62.77 23.07 3.60 0.91 -0.02 
816 28.94 63.53 23.42 3.44 0.83 -0.08 
832 29.20 64.44 23.55 3.37 0.79 -0.09 
848 29.22 65.01 23.74 3.26 0.82 -0.02 
864 29.34 65.62 23.86 3.14 0.78 -0.06 
  
 263 
Table 5.61. (cont.) 
880 28.98 66.17 24.37 2.94 0.73 -0.07 
896 29.46 66.79 24.19 2.84 0.72 -0.02 
912 29.05 67.30 24.72 2.65 0.69 -0.09 
928 29.26 68.32 24.92 2.75 0.75 -0.11 
944 29.81 68.52 24.53 2.60 0.79 -0.05 
960 28.96 69.21 25.50 2.44 0.58 -0.04 
976 29.10 69.98 25.66 2.31 0.64 -0.04 
992 29.29 69.92 25.48 2.22 0.54 -0.04 
1008 29.28 70.75 25.79 2.10 0.53 -0.11 
1024 29.36 70.89 25.77 2.00 0.58 -0.04 
1040 29.32 71.42 25.99 2.02 0.46 -0.03 
1056 29.00 72.14 26.55 1.96 0.43 -0.12 
1072 29.35 72.74 26.45 1.82 0.48 -0.07 
1088 29.42 72.63 26.35 1.64 0.45 -0.04 
1104 29.19 72.89 26.64 1.74 0.44 -0.05 
1120 29.05 73.17 26.87 1.55 0.30 -0.11 
1136 29.63 73.68 26.54 1.53 0.49 -0.05 
1152 29.43 74.66 27.08 1.61 0.41 -0.03 
1168 29.49 74.83 27.08 1.36 0.41 -0.09 
1184 29.39 75.04 27.24 1.25 0.36 -0.07 
1200 29.73 75.11 26.96 1.39 0.38 -0.12 
1216 29.65 75.70 27.25 1.27 0.28 -0.06 
1232 29.27 75.61 27.56 1.34 0.25 -0.01 
1248 28.77 75.99 28.19 1.26 0.33 -0.09 
1264 29.07 76.11 27.94 1.14 0.26 -0.08 
1280 29.14 76.51 28.01 1.20 0.29 -0.03 
1296 29.20 76.91 28.10 1.00 0.29 -0.06 
1312 28.82 77.59 28.73 1.00 0.23 -0.07 
1328 29.38 77.83 28.27 0.94 0.23 0.01 
1344 28.74 77.28 28.69 1.01 0.22 -0.05 
1360 29.19 77.31 28.26 0.89 0.18 -0.13 
1376 28.94 78.29 28.87 0.86 0.18 -0.02 
1392 29.04 78.27 28.76 0.80 0.20 -0.06 
1408 29.37 78.71 28.60 0.83 0.25 -0.05 
1424 29.01 78.29 28.80 0.84 0.25 -0.08 
1440 29.45 78.71 28.52 0.82 0.13 -0.05 
  
 264 
Table 5.61. (cont.) 
1456 28.99 79.12 29.13 0.75 0.22 -0.08 
1472 29.49 79.32 28.70 0.70 0.20 -0.06 
1488 29.49 79.69 28.84 0.57 0.22 -0.01 
1504 28.98 79.08 29.12 0.73 0.16 -0.01 
1520 29.51 79.82 28.86 0.66 0.17 0.00 
1536 29.25 79.63 29.05 0.60 0.13 -0.06 
1552 29.28 79.58 29.00 0.62 0.15 -0.10 
1568 28.97 80.45 29.63 0.66 0.15 -0.01 
1584 29.05 80.44 29.55 0.48 0.18 -0.07 
1600 28.97 80.43 29.63 0.52 0.12 -0.06 
1616 29.25 80.52 29.37 0.58 0.10 -0.03 
1632 29.39 81.71 29.66 0.54 0.12 -0.07 
1648 29.06 81.32 29.86 0.57 0.15 -0.08 
1664 29.62 81.69 29.43 0.41 0.07 -0.02 
1680 28.90 81.44 30.07 0.53 0.06 -0.04 
1696 29.04 81.83 30.07 0.44 0.10 0.02 
1712 29.14 81.42 29.82 0.50 0.02 -0.04 
1728 29.35 81.34 29.58 0.30 0.04 -0.03 
1744 29.09 81.89 30.04 0.32 0.13 0.00 
1760 28.96 82.51 30.40 0.39 0.10 -0.16 
1776 29.32 81.45 29.65 0.28 0.10 -0.05 
1792 29.26 81.92 29.88 0.45 0.12 -0.08 
1808 28.98 81.78 30.11 0.34 0.04 -0.05 
1824 29.85 81.72 29.22 0.39 0.15 0.01 
1840 29.66 82.07 29.52 0.40 0.07 -0.06 
1856 29.07 83.10 30.50 0.41 0.15 -0.11 
1872 29.23 82.98 30.29 0.42 0.09 -0.03 
1888 29.23 82.93 30.28 0.41 0.07 -0.04 
1904 28.78 82.38 30.54 0.26 0.03 -0.08 
1920 28.82 82.87 30.68 0.10 -0.04 -0.03 
1936 28.99 82.74 30.46 0.14 -0.02 -0.01 
1952 28.80 82.84 30.69 0.33 0.12 -0.11 
1968 28.98 83.69 30.81 0.15 -0.01 -0.08 
1984 28.71 82.59 30.69 0.17 0.04 -0.07 
2000 29.22 83.59 30.53 0.05 -0.06 -0.10 
2016 29.31 83.72 30.48 0.31 0.08 -0.03 
  
 265 
Table 5.61. (cont.) 
2032 28.94 83.69 30.86 0.12 -0.03 -0.05 
2048 28.94 83.09 30.64 0.02 -0.03 -0.05 
2064 29.50 83.24 30.11 0.13 -0.02 -0.01 
2080 29.13 83.79 30.70 0.12 -0.03 -0.08 
2096 29.64 84.42 30.39 0.16 0.00 -0.07 
2112 29.20 84.25 30.79 0.06 0.02 -0.06 
2128 29.48 84.33 30.52 0.14 -0.03 -0.15 
2144 29.63 84.43 30.41 0.31 0.11 -0.08 
2160 29.45 83.95 30.42 0.26 0.13 -0.04 
2176 29.22 84.29 30.78 0.23 0.02 -0.06 
2192 28.48 84.74 31.75 0.04 0.04 -0.08 
2208 29.15 84.36 30.88 0.04 0.00 -0.10 
2224 29.13 83.84 30.71 0.05 -0.01 -0.05 
2240 29.34 83.97 30.54 0.12 -0.01 -0.05 
2256 28.28 84.48 31.87 0.06 -0.11 -0.09 
2272 28.74 85.16 31.61 0.01 0.04 -0.03 
2288 28.93 85.17 31.41 0.02 -0.01 -0.07 
2304 29.44 84.18 30.51 0.07 0.01 -0.04 
2320 29.31 84.96 30.93 0.10 0.00 -0.08 
2336 29.25 84.74 30.91 0.09 0.00 -0.14 
2352 28.60 84.85 31.66 0.06 -0.10 -0.06 
2368 29.18 84.79 31.00 0.06 -0.04 -0.05 
2384 29.62 85.02 30.63 0.04 -0.01 -0.05 





Experiment 5.18: Cross-coupling Product Formation from Propanediol Ester 2.2q 
 
A 1-mL volumetric flask was charged with propane-1,3-diol 4-fluorophenylboronic ester 
(44.0 mg, 210 µmol). Then ~0.5 mL of THF (NaK) was added and mixed until the solid had 
dissolved. Once the solid was dissolved, the flask was filled to the mark with THF (NaK) 
generating a 0.21 M solution of propane-1,3-diol 4-fluorophenylboronic ester. 
A 2-mL volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
dissolving with THF (NaK) to the 2-mL mark. Three oven dried, 5-mm, NMR tubes were taken 
into the dry box and 500 µL of the freshly prepared solution was added to each. The tubes were 
capped with a septum and Teflon taped. The samples were removed from the glove box and 
inserted into a −78 °C acetone dry-ice bath. For each run, the propane-1,3-diol 4-
fluorophenylboronic ester solution (95 µL, 20.5 µmol, 2.0 equiv) was added via a 100 µL glass 
syringe at –78 °C. The NMR tube was vortexed (not shaken) and cleaned with a Kimwipe 
followed by re-insertion into the −78 °C bath. Then the tube was placed into the NMR probe set 
to −55 °C. 
Using the fluorine channel to collect a spectrum every 16 s the progress of the reaction 
was monitored by the and formation of cross-coupling product (−116.45 ppm) in comparison 
with the internal reference 1,4-difluorobenzene (−120.00 ppm). A first-order rate equation could 

































Figure 5.81. Formation of 2.5 from complex 2.2q at −30°C (Run 1). 
 









16 34.39 1.42 0.44 
32 30.49 3.96 1.39 
48 29.42 8.60 3.12 
64 28.72 15.39 5.72 
80 29.20 22.92 8.38 
96 28.59 33.05 12.34 
112 28.42 45.39 17.04 
128 28.27 57.57 21.73 
144 28.84 64.91 24.02 
160 29.04 73.71 27.09 
176 28.06 80.55 30.63 
192 29.10 86.71 31.79 
208 29.60 91.10 32.84 
224 28.81 93.53 34.64 
240 28.64 95.08 35.43 
256 28.50 97.98 36.68 
272 28.47 99.00 37.11 
288 28.30 102.03 38.48 























Transmetalation from propane-1,3-diol ester (1.0 equiv w.r.t. 




Table 5.62. (cont.) 
320 28.65 102.63 38.22 
336 28.54 103.53 38.72 
352 28.85 103.94 38.45 
368 28.75 104.15 38.65 
384 29.40 105.16 38.16 
400 28.58 104.85 39.15 
416 28.63 107.20 39.96 
432 29.20 107.28 39.21 
448 29.15 105.72 38.70 
464 28.25 107.43 40.58 
480 28.50 107.53 40.26 
496 27.94 109.25 41.72 
512 28.82 107.50 39.80 
528 28.85 107.89 39.90 
544 29.22 107.15 39.13 
560 28.27 109.03 41.15 
576 27.67 108.60 41.88 
592 28.99 108.77 40.04 
608 28.50 109.42 40.97 
624 28.10 108.63 41.25 
640 29.51 108.94 39.38 
656 28.58 109.34 40.83 
672 28.33 109.31 41.17 
688 28.08 109.73 41.70 
704 28.45 108.84 40.83 
720 28.81 109.56 40.58 
736 27.90 109.36 41.82 
752 28.95 109.06 40.20 
768 28.36 109.62 41.24 
784 28.67 109.32 40.68 




Figure 5.82. Formation of 2.5 from complex 2.2q at −30°C (Run 2). 
 









16 35.48 1.36 0.41 
32 32.01 4.48 1.49 
48 30.47 8.06 2.82 
64 29.41 13.67 4.96 
80 30.12 21.07 7.46 
96 28.89 30.51 11.27 
112 28.78 41.85 15.52 
128 29.07 52.81 19.39 
144 29.05 63.34 23.27 
160 29.13 71.37 26.14 
176 28.49 77.51 29.03 
192 28.85 82.94 30.68 
208 28.55 86.65 32.38 
224 29.33 89.98 32.74 
240 28.77 92.98 34.48 
256 29.10 93.81 34.40 
272 28.79 95.57 35.43 
























Transmetalation from propane-1,3-diol ester (1.0 equiv w.r.t. Pd, 




Table 5.63. (cont.) 
304 29.28 96.98 35.35 
320 29.39 98.44 35.74 
336 28.81 98.09 36.33 
352 28.88 98.95 36.57 
368 28.98 98.89 36.41 
384 28.92 99.60 36.75 
400 29.07 100.03 36.72 
416 28.51 100.20 37.51 
432 29.17 100.73 36.85 
448 28.49 100.54 37.65 
464 29.34 100.67 36.62 
480 29.43 101.11 36.66 
496 28.84 100.89 37.33 
512 29.11 101.11 37.06 
528 28.68 101.38 37.72 
544 28.56 101.59 37.95 
560 29.65 102.11 36.74 
576 29.26 101.47 37.00 
592 29.00 101.09 37.20 
608 28.56 102.37 38.25 
624 29.05 101.51 37.29 
640 29.21 102.39 37.40 
656 29.34 102.28 37.21 
672 28.42 102.09 38.33 
688 29.63 101.32 36.49 
704 29.01 102.08 37.54 
720 28.77 102.89 38.16 
736 28.78 102.92 38.15 
752 28.84 102.68 37.99 
768 29.00 101.93 37.50 
784 28.91 102.31 37.76 





Figure 5.83. Formation of 2.5 from complex 2.2q at −30°C (Run 3). 
 









16 33.46 0.09 0.03 
32 30.39 2.68 0.94 
48 28.83 6.73 2.49 
64 27.00 12.74 5.04 
80 27.38 20.09 7.83 
96 25.71 30.69 12.74 
112 26.12 39.36 16.08 
128 26.26 52.88 21.48 
144 26.59 61.63 24.73 
160 27.49 71.97 27.93 
176 26.39 76.46 30.92 
192 27.91 82.96 31.71 
208 26.23 87.05 35.41 
224 26.64 89.28 35.76 
240 26.96 92.98 36.80 
256 27.28 93.68 36.64 
272 26.73 95.37 38.08 
























Transmetalation from propane-1,3-diol ester (1.0 equiv w.r.t. Pd, 




Table 5.64. (cont.) 
304 27.09 97.51 38.42 
320 26.80 97.06 38.65 
336 26.45 98.38 39.68 
352 26.81 99.05 39.42 
368 26.25 99.01 40.25 
384 27.23 101.25 39.68 
400 26.74 101.02 40.31 
416 25.78 101.84 42.16 
432 26.58 100.32 40.27 
448 26.05 99.82 40.89 
464 25.80 101.93 42.15 
480 26.75 102.10 40.73 
496 26.17 101.91 41.56 
512 26.79 103.37 41.18 
528 26.48 102.66 41.37 
544 27.36 102.16 39.85 
560 26.43 103.34 41.72 
576 26.11 103.17 42.17 
592 27.19 103.42 40.59 
608 25.99 105.05 43.13 
624 27.20 103.50 40.61 
640 27.36 103.75 40.47 
656 26.76 104.52 41.68 
672 26.11 105.00 42.92 
688 26.35 103.62 41.96 
704 27.07 103.99 40.99 
720 26.01 104.75 42.97 
736 26.67 102.77 41.12 
752 26.52 106.01 42.65 
768 26.57 104.82 42.10 
784 26.61 104.67 41.98 




Experiment 5.19: Cross-coupling Product Formation from 2-Methylpropanediol Ester 2.2r 
 
A 1-mL volumetric flask was charged with 2-methylpropane-1,3-diol 4-
fluorophenylboronic ester (44.0 mg, 210 µmol). Then ~0.5 mL of THF (NaK) was added and 
mixed until the solid had dissolved. Once the solid was dissolved, the flask was filled to the mark 
with THF (NaK) generating a 0.21 M solution of 2-methylpropane-1,3-diol 4-
fluorophenylboronic ester. 
A 2-mL volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
dissolving with THF (NaK) to the 2-mL mark. Three oven dried, 5-mm, NMR tubes were taken 
into the dry box and 500 µL of the freshly prepared solution was added to each. The tubes were 
capped with a septum and Teflon taped. The samples were removed from the glove box and 
inserted into a −78 °C acetone dry-ice bath. For each run, the 2-methylpropane-1,3-diol 4-
fluorophenylboronic ester solution (95 µL, 20.5 µmol, 2.0 equiv) was added via a 100 µL glass 
syringe at –78 °C. The NMR tube was vortexed (not shaken) and cleaned with a Kimwipe 
followed by re-insertion into the −78 °C bath. Then the tube was placed into the NMR probe set 
to −55 °C. 
Using the fluorine channel to collect a spectrum every 16 s the progress of the reaction 
was monitored by the and formation of cross-coupling product (−116.45 ppm) in comparison 
with the internal reference 1,4-difluorobenzene (−120.00 ppm). A first-order rate equation could 



































Figure 5.84. Formation of 2.5 from ester 2.2r at −30°C (Run 1). 
 









16 37.35 -0.26 -0.07 
32 32.66 4.31 1.41 
48 31.72 9.06 3.05 
64 31.18 16.23 5.56 
80 30.69 24.11 8.38 
96 30.60 35.14 12.25 
112 31.18 46.05 15.76 
128 30.80 57.77 20.01 
144 30.18 66.58 23.54 
160 31.02 73.07 25.14 
176 30.02 80.59 28.65 
192 30.92 84.72 29.23 
208 30.79 89.03 30.85 
224 30.63 92.80 32.33 
240 30.45 94.76 33.20 
256 30.83 99.38 34.39 
272 30.47 98.89 34.64 
























Transmetalation from 2-methylpropane-1,3-diol ester (1.0 equiv 




Table 2.65. (cont.) 
304 30.84 100.86 34.90 
320 30.92 101.82 35.13 
336 30.85 101.99 35.28 
352 31.09 104.92 36.01 
368 30.81 104.87 36.32 
384 30.62 105.25 36.68 
400 30.90 106.68 36.84 
416 31.02 104.93 36.10 
432 30.83 108.04 37.39 
448 30.27 106.33 37.48 
464 30.65 108.01 37.60 
480 30.55 108.11 37.76 
496 30.50 108.20 37.85 
512 30.92 107.76 37.19 
528 30.36 109.84 38.61 
544 30.61 107.46 37.46 
560 30.56 109.10 38.10 
576 30.53 107.70 37.64 
592 30.38 107.54 37.77 
608 30.29 108.43 38.19 
624 30.83 109.93 38.05 
640 31.07 107.82 37.03 
656 30.55 109.66 38.30 
672 30.50 110.64 38.70 
688 30.83 110.06 38.09 
704 31.19 111.33 38.09 
720 30.83 110.55 38.26 
736 31.08 108.76 37.34 
752 31.13 113.53 38.92 
768 30.36 109.43 38.47 
784 30.42 109.00 38.24 




Figure 5.85. Formation of 2.5 from ester 2.2r at −30°C (Run 2). 
 









16 35.69 1.64 0.49 
32 32.31 5.37 1.77 
48 30.21 9.52 3.36 
64 31.03 15.69 5.39 
80 30.30 24.60 8.66 
96 30.58 35.76 12.48 
112 30.27 47.20 16.64 
128 30.07 57.62 20.45 
144 30.78 68.05 23.59 
160 30.72 75.25 26.14 
176 29.79 82.91 29.70 
192 30.43 87.90 30.82 
208 29.88 91.30 32.61 
224 29.83 94.67 33.86 
240 29.55 99.53 35.94 
256 29.97 100.54 35.80 
272 29.74 99.90 35.84 























Transmetalation from 2-methylpropane-1,3-diol ester (1.0 equiv 




Table 2.66. (cont.) 
304 30.10 103.16 36.56 
320 29.80 103.27 36.98 
336 30.05 103.68 36.81 
352 30.33 105.32 37.06 
368 29.27 106.39 38.79 
384 29.17 106.68 39.03 
400 29.59 107.50 38.77 
416 29.59 106.84 38.53 
432 29.54 108.67 39.26 
448 30.73 107.64 37.37 
464 29.60 109.79 39.58 
480 30.01 109.68 39.00 
496 30.48 109.31 38.27 
512 29.51 110.06 39.80 
528 30.06 110.71 39.30 
544 30.30 112.08 39.47 
560 29.57 109.91 39.66 
576 29.26 109.14 39.80 
592 30.03 110.68 39.33 
608 30.47 111.08 38.90 
624 29.92 110.48 39.40 
640 30.21 110.81 39.14 
656 30.08 110.46 39.19 
672 30.85 111.17 38.45 
688 31.12 111.18 38.12 
704 30.51 111.58 39.02 
720 30.68 112.15 39.00 
736 30.08 112.90 40.05 
752 29.98 111.97 39.85 
768 31.74 112.12 37.69 
784 29.13 111.51 40.84 




Figure 5.86. Formation of 2.5 from ester 2.2r at −30°C (Run 3). 
 









16 35.76 -0.23 -0.07 
32 32.99 3.63 1.17 
48 33.28 9.65 3.10 
64 29.97 15.84 5.64 
80 29.34 24.45 8.89 
96 30.15 35.97 12.73 
112 30.32 46.71 16.44 
128 31.23 57.99 19.81 
144 30.46 67.31 23.58 
160 29.81 75.04 26.86 
176 30.17 81.18 28.71 
192 29.30 85.05 30.98 
208 29.47 88.92 32.20 
224 29.80 92.83 33.24 
240 29.80 94.57 33.87 
256 30.08 96.18 34.12 
272 30.33 97.66 34.36 
























Transmetalation from 2-methylpropane-1,3-diol ester (1.0 equiv 




Table 5.67. (cont.) 
304 29.81 99.88 35.75 
320 31.31 103.36 35.22 
336 30.01 101.83 36.21 
352 29.60 101.39 36.55 
368 30.30 101.84 35.87 
384 30.47 103.44 36.23 
400 29.70 104.14 37.42 
416 30.31 104.50 36.79 
432 30.25 104.22 36.76 
448 29.32 104.41 37.99 
464 30.19 104.81 37.05 
480 30.46 105.46 36.95 
496 30.19 104.71 37.01 
512 29.53 104.91 37.91 
528 30.43 108.74 38.13 
544 29.23 107.29 39.17 
560 30.29 108.05 38.06 
576 29.10 107.22 39.31 
592 29.69 106.45 38.25 
608 30.88 106.62 36.85 
624 29.65 107.88 38.82 
640 29.93 106.79 38.08 
656 29.88 108.83 38.87 
672 29.35 109.78 39.91 
688 29.38 109.26 39.68 
704 29.09 107.09 39.28 
720 28.99 110.06 40.51 
736 29.31 107.35 39.08 
752 30.45 109.14 38.25 
768 30.23 107.57 37.97 




Experiment 5.20: Cross-coupling Product Formation from 1,3,2-Dioxaborepane Complex 
2.4s 
 
A 1-mL volumetric flask was charged with 1,3,2-dioxaborepane 2.2s (44.0 mg, 210 
µmol). Then ~0.5 mL of THF (NaK) was added and mixed until the solid had dissolved. Once 
the solid was dissolved, the flask was filled to the mark with THF (NaK) generating a 0.21 M 
solution of 1,3,2-dioxaborepane 2.2s. 
A 2-mL volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (8 µL, 77 µmol) followed by 
dissolving with THF (NaK) to the 2-mL mark. Three oven dried, 5-mm, NMR tubes were taken 
into the dry box and 500 µL of the freshly prepared solution was added to each. The tubes were 
capped with a septum and Teflon taped. The samples were removed from the glove box and 
inserted into a −78 °C acetone dry-ice bath. For each run, the 1,3,2-dioxaborepane 2.2s solution 
(95 µL, 20.5 µmol, 2.0 equiv) was added via a 100 µL glass syringe at –78 °C. The NMR tube 
was vortexed (not shaken) and cleaned with a Kimwipe followed by re-insertion into the −78 °C 
bath. Then the tube was placed into the NMR probe set to −55 °C. 
Using the fluorine channel to collect a spectrum every 16 s the progress of the reaction 
was monitored by the and formation of cross-coupling product (−116.45 ppm) in comparison 





























Figure 5.87. Formation of 2.5 from complex 2.4s at −30°C (Run 1). 
 
Table 5.68. Data for the Formation of 2.5 from Complex 2.4s at −30°C (Run 1). 
















16 20.10 -0.08 5.90 10.03 -0.14 
32 19.11 -0.11 10.44 18.66 -0.20 
48 20.59 -0.11 14.89 24.69 -0.18 
64 18.24 1.43 13.63 25.52 2.67 
80 18.10 1.47 13.49 25.45 2.77 
96 18.38 2.22 14.52 26.97 4.12 
112 17.94 2.64 13.49 25.66 5.03 
128 19.66 3.02 14.82 25.73 5.25 
144 20.07 3.02 14.90 25.36 5.14 
160 17.06 4.50 13.57 27.16 9.01 
176 19.10 5.03 14.50 25.91 8.99 
192 16.01 4.53 12.12 25.84 9.67 
208 18.81 5.38 11.92 21.64 9.77 
224 15.93 6.17 11.08 23.76 13.23 
240 17.22 6.68 11.81 23.42 13.25 
256 16.04 7.22 11.30 24.04 15.36 


























Transmetalation from 1,3,2-dioxaborepane complex 2.4s (1.0 





Table 5.68. (cont.) 
288 19.91 7.80 11.94 20.48 13.38 
304 14.86 8.69 9.89 22.73 19.96 
320 15.32 9.19 9.19 20.48 20.47 
336 16.19 9.30 9.78 20.62 19.61 
352 18.66 9.10 9.77 17.88 16.66 
368 19.92 9.82 10.57 18.11 16.83 
384 18.81 11.08 9.72 17.65 20.11 
400 18.57 10.93 8.78 16.14 20.10 
416 19.74 10.36 9.93 17.19 17.93 
432 19.31 10.62 9.30 16.44 18.78 
448 17.18 12.46 8.17 16.24 24.77 
464 20.60 11.51 8.59 14.23 19.08 
480 19.09 12.70 7.48 13.39 22.73 
496 19.79 12.52 8.00 13.80 21.59 
512 20.64 12.69 8.81 14.57 20.99 
528 20.62 13.19 7.33 12.15 21.85 
544 18.66 13.19 7.42 13.57 24.13 
560 20.72 14.20 7.57 12.48 23.39 
576 21.25 14.23 7.60 12.21 22.86 
592 20.53 13.98 6.57 10.92 23.25 
608 20.17 14.87 6.36 10.77 25.18 
624 19.85 15.23 6.02 10.36 26.21 
640 20.68 14.55 6.29 10.38 24.03 
656 20.77 16.53 6.41 10.53 27.16 
672 20.60 15.31 6.62 10.97 25.37 
688 18.92 15.32 5.47 9.87 27.65 
704 20.77 16.04 5.90 9.70 26.37 
720 21.50 15.83 6.01 9.54 25.14 
736 20.20 16.95 4.57 7.72 28.66 
752 19.23 17.12 4.42 7.86 30.40 
768 19.99 17.50 4.57 7.81 29.89 
784 20.38 17.73 4.15 6.95 29.70 
800 20.07 16.61 3.87 6.59 28.26 
816 20.04 17.46 3.50 5.97 29.74 
832 20.50 17.19 4.59 7.65 28.63 
848 21.04 18.01 4.70 7.63 29.22 
  
 283 
Table 5.68. (cont.) 
864 21.68 18.01 4.26 6.71 28.37 
880 20.39 18.44 3.42 5.72 30.87 
896 19.97 19.49 3.33 5.69 33.32 
912 21.62 18.32 3.72 5.88 28.93 
928 21.68 19.81 3.96 6.23 31.20 
944 19.43 19.75 3.42 6.01 34.70 
960 21.52 18.50 3.44 5.46 29.36 
976 20.13 19.03 3.06 5.20 32.29 
992 20.35 19.09 2.86 4.80 32.02 
1008 21.61 18.44 4.27 6.75 29.13 
1024 21.14 19.77 2.81 4.54 31.94 
1040 20.95 20.32 2.97 4.84 33.12 
1056 21.74 19.14 3.44 5.40 30.06 
1072 21.70 21.12 3.38 5.32 33.24 
1088 19.84 20.49 1.87 3.21 35.26 
1104 20.52 21.54 2.24 3.72 35.84 
1120 19.29 20.57 2.31 4.09 36.41 
1136 20.97 20.83 2.63 4.29 33.92 
1152 20.92 20.97 2.42 3.96 34.24 
1168 20.21 21.00 1.90 3.21 35.47 
1184 19.70 21.31 1.85 3.20 36.95 
1200 21.87 20.18 2.14 3.34 31.51 
1216 18.92 21.77 1.63 2.94 39.29 
1232 21.98 21.02 3.08 4.78 32.65 
1248 21.87 21.56 1.84 2.87 33.66 
1264 20.86 21.93 1.59 2.61 35.90 
1280 20.55 21.48 1.71 2.84 35.69 
1296 20.69 20.81 1.78 2.95 34.34 
1312 21.09 22.87 1.68 2.71 37.01 
1328 21.51 22.66 1.68 2.66 35.98 
1344 21.97 22.17 2.08 3.23 34.47 
1360 21.55 21.69 1.63 2.59 34.37 
1376 21.63 22.69 1.18 1.86 35.82 
1392 21.23 23.31 1.77 2.85 37.49 
1408 22.10 22.59 1.71 2.64 34.91 
1424 21.42 23.02 1.39 2.22 36.70 
  
 284 
Table 5.68. (cont.) 
1440 21.05 21.99 1.52 2.46 35.68 
1456 20.10 23.38 0.89 1.51 39.73 
1472 21.12 22.73 1.28 2.07 36.75 
1488 21.61 23.64 1.52 2.40 37.35 
1504 21.84 23.07 1.47 2.29 36.06 
1520 20.61 23.59 0.96 1.59 39.09 
1536 21.80 23.31 1.01 1.58 36.51 
1552 20.17 23.66 0.88 1.49 40.06 
1568 22.03 22.96 1.43 2.22 35.58 
1584 20.50 22.97 1.15 1.92 38.26 
1600 20.37 23.40 -0.06 -0.11 39.23 
1632 24.78 25.32 0.82 1.12 34.89 
1664 25.19 25.14 0.84 1.14 34.07 
1696 23.67 25.56 0.28 0.40 36.86 
1728 22.67 24.84 0.06 0.09 37.42 
1760 26.35 26.61 1.31 1.70 34.49 
1792 24.91 26.46 1.09 1.49 36.28 
1824 22.73 25.78 0.04 0.06 38.73 
1856 23.41 26.32 0.69 1.01 38.39 
1888 23.96 26.03 -0.30 -0.42 37.10 
1920 23.56 26.47 0.49 0.71 38.35 
1952 25.11 26.74 0.57 0.77 36.36 
1984 24.07 26.57 -0.04 -0.06 37.69 
2016 23.74 25.70 -0.27 -0.38 36.95 
2048 24.62 26.90 -0.12 -0.17 37.30 
2080 23.87 25.94 0.01 0.01 37.10 
2112 23.74 25.54 -0.17 -0.25 36.74 
2144 24.83 26.74 -0.09 -0.13 36.77 
2176 23.37 27.43 -0.11 -0.17 40.09 
2208 23.56 26.33 -0.47 -0.68 38.16 
2240 24.38 26.99 -0.07 -0.10 37.81 
2272 23.90 27.59 0.03 0.04 39.42 
2304 24.25 27.53 0.12 0.17 38.76 
2336 23.63 28.11 -0.14 -0.20 40.62 
2368 24.79 28.12 0.40 0.56 38.73 
2400 24.55 27.11 0.00 -0.01 37.70 
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Table 5.68. (cont.) 
2432 24.45 27.49 0.16 0.22 38.39 
2464 23.85 28.47 0.24 0.34 40.75 
2496 24.17 26.78 -0.09 -0.13 37.83 
2528 24.12 28.07 0.16 0.23 39.75 
2560 24.65 27.69 0.11 0.15 38.35 
2592 23.60 27.52 0.02 0.03 39.81 
2624 23.86 27.16 -0.14 -0.20 38.87 
2656 24.91 28.65 -0.05 -0.07 39.28 
2688 24.75 27.68 -0.09 -0.12 38.18 
2720 24.04 28.58 -0.09 -0.13 40.60 
2752 24.65 28.64 0.08 0.11 39.67 
2784 23.20 27.67 -0.10 -0.15 40.72 
2816 24.60 29.20 -0.12 -0.17 40.54 
2848 24.43 29.70 -0.02 -0.02 41.51 
2880 24.46 27.81 0.12 0.17 38.82 
2912 24.44 27.70 0.04 0.06 38.70 
2944 24.06 28.25 -0.16 -0.22 40.10 
2976 22.65 28.01 -0.14 -0.21 42.23 
3008 25.19 28.74 -0.03 -0.05 38.96 
3040 23.82 28.26 0.05 0.07 40.51 
3072 24.96 27.47 -0.07 -0.09 37.58 
3104 23.61 27.75 -0.02 -0.03 40.14 
3136 25.71 27.44 0.07 0.09 36.44 
3168 24.81 28.12 -0.03 -0.03 38.70 
3200 24.05 27.60 0.11 0.15 39.19 
3232 24.77 27.43 -0.07 -0.10 37.81 
3264 23.20 29.29 -0.20 -0.30 43.10 
3296 23.14 27.54 -0.11 -0.16 40.64 
3328 24.36 29.08 -0.18 -0.26 40.78 
3360 24.06 28.29 0.00 0.00 40.16 
3392 22.64 27.86 -0.07 -0.10 42.02 
3424 23.91 28.79 -0.06 -0.08 41.12 
3456 23.60 28.42 -0.11 -0.15 41.11 
3488 24.46 28.89 0.29 0.40 40.33 
3520 23.85 29.44 -0.04 -0.06 42.16 
3552 24.40 29.31 -0.14 -0.20 41.03 
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Table 5.68. (cont.) 
3584 23.97 29.20 -0.17 -0.24 41.60 
3616 25.12 28.12 0.00 0.00 38.22 
3648 24.93 29.53 0.11 0.15 40.44 
3680 24.99 29.45 0.21 0.29 40.24 
3712 24.75 29.70 0.04 0.06 40.98 
3744 23.03 29.56 -0.12 -0.18 43.84 
3776 23.50 29.39 -0.05 -0.07 42.70 
3808 24.78 28.80 -0.11 -0.15 39.68 
3840 24.95 27.33 -0.04 -0.05 37.40 
3872 24.10 30.33 -0.19 -0.27 42.97 
3904 24.07 28.22 0.03 0.04 40.04 
3936 24.78 29.09 0.03 0.03 40.09 
3968 23.64 28.42 -0.14 -0.20 41.05 
4000 24.87 29.09 0.17 0.24 39.94 
4032 23.80 29.33 -0.26 -0.37 42.08 
4064 24.74 30.02 -0.04 -0.06 41.43 
4096 23.73 29.84 0.02 0.03 42.93 
4128 23.94 29.79 -0.08 -0.11 42.48 
4160 25.50 27.75 0.24 0.32 37.16 
4192 25.81 30.80 -0.22 -0.29 40.73 
4224 24.29 27.60 0.15 0.21 38.80 
4256 25.03 28.76 0.23 0.32 39.24 
4288 25.20 28.67 -0.07 -0.10 38.84 
4320 25.07 30.09 -0.11 -0.15 40.97 
4352 24.50 30.43 0.18 0.26 42.42 
4384 24.39 29.51 -0.01 -0.02 41.32 
4416 24.62 30.37 -0.13 -0.18 42.13 
4448 24.19 28.96 0.12 0.17 40.88 
4480 24.15 28.37 -0.05 -0.08 40.12 
4512 24.70 28.81 0.05 0.06 39.83 
4544 23.58 30.27 -0.04 -0.06 43.83 
4576 23.48 28.69 -0.14 -0.20 41.72 
4608 25.05 30.20 0.07 0.09 41.16 
4640 24.49 30.28 -0.05 -0.07 42.23 
4672 24.74 29.33 0.29 0.40 40.47 
4704 24.23 30.08 -0.05 -0.07 42.39 
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Table 5.68. (cont.) 
4736 24.15 29.49 -0.40 -0.57 41.69 
4768 24.29 28.86 -0.08 -0.11 40.57 
4800 25.37 30.15 -0.04 -0.05 40.59 
 
 
Figure 5.88. Formation of 2.5 from complex 2.4s at −30°C (Run 2). 
 
Table 5.69. Data for the Formation of 2.5 from Complex 2.4s at −30°C (Run 2). 
















32 31.40 -0.42 9.91 10.78 -0.45 
64 29.98 1.42 13.61 15.50 1.62 
96 29.37 2.43 15.75 18.31 2.82 
128 29.59 3.53 14.15 16.33 4.07 
160 29.26 5.11 15.27 17.82 5.96 
192 29.18 5.76 14.22 16.64 6.74 
224 29.32 6.77 13.82 16.09 7.88 
256 29.55 7.79 12.79 14.78 9.01 
288 29.34 9.00 12.91 15.03 10.48 
320 29.77 9.93 12.99 14.90 11.39 
352 29.85 10.36 10.91 12.49 11.85 























Transmetalation from 1,3,2-dioxaborepane 2.4s (1.0 equiv w.r.t. 





Table 5.69. (cont.) 
416 29.66 12.64 10.13 11.67 14.55 
448 29.46 13.17 10.00 11.59 15.26 
480 29.26 14.47 8.94 10.43 16.88 
512 29.98 14.84 9.39 10.70 16.91 
544 29.71 15.56 8.24 9.47 17.88 
576 29.85 16.35 8.13 9.30 18.70 
608 29.86 16.78 7.15 8.17 19.20 
640 30.00 17.55 6.94 7.90 19.97 
672 29.91 18.31 6.54 7.47 20.90 
704 29.96 18.34 6.76 7.70 20.90 
736 30.33 19.47 6.39 7.19 21.93 
768 29.63 18.86 5.50 6.34 21.73 
800 30.38 20.06 5.05 5.68 22.55 
832 30.29 21.18 5.73 6.47 23.87 
864 29.28 21.33 4.69 5.47 24.87 
896 30.38 21.02 4.63 5.20 23.62 
928 29.76 21.45 5.13 5.89 24.61 
960 30.15 21.75 4.63 5.24 24.64 
992 29.93 22.42 3.68 4.19 25.58 
1024 29.70 23.40 3.61 4.15 26.91 
1056 29.79 22.94 3.81 4.37 26.29 
1088 29.95 23.25 3.32 3.79 26.51 
1120 29.86 23.55 3.86 4.42 26.93 
1152 30.28 24.26 3.01 3.40 27.36 
1184 29.95 24.64 3.13 3.57 28.09 
1216 29.62 24.58 2.90 3.34 28.33 
1248 30.12 24.60 2.33 2.64 27.89 
1280 29.73 24.69 2.23 2.56 28.36 
1312 29.59 25.66 2.40 2.77 29.60 
1344 30.52 25.32 2.16 2.42 28.34 
1376 30.30 25.28 1.87 2.11 28.48 
1408 29.72 25.55 2.05 2.35 29.36 
1440 29.96 25.70 1.98 2.26 29.30 
1472 30.10 26.17 1.72 1.95 29.70 
1504 30.66 26.50 2.28 2.54 29.51 
1536 29.59 26.55 1.49 1.71 30.64 
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Table 5.69. (cont.) 
1568 30.43 26.45 2.07 2.33 29.68 
1600 29.77 27.25 1.19 1.36 31.25 
1632 30.25 26.46 1.75 1.97 29.86 
1664 29.79 26.69 1.08 1.24 30.59 
1696 30.18 27.31 1.23 1.39 30.89 
1728 30.03 27.29 1.12 1.28 31.04 
1760 30.23 26.93 1.43 1.61 30.41 
1792 30.16 27.42 1.12 1.27 31.04 
1824 30.12 27.36 1.04 1.18 31.01 
1856 30.61 27.47 1.24 1.39 30.64 
1888 30.00 27.55 0.87 0.99 31.35 
1920 29.96 27.59 0.80 0.91 31.44 
1952 30.38 27.47 1.51 1.69 30.87 
1984 29.29 28.63 0.59 0.69 33.37 
2016 31.20 27.71 1.28 1.40 30.33 
2048 29.90 28.11 1.26 1.44 32.11 
2080 29.92 28.36 0.39 0.45 32.36 
2112 29.80 28.20 0.46 0.53 32.31 
2144 30.24 28.29 0.92 1.04 31.95 
2176 30.74 28.09 1.11 1.23 31.20 
2208 29.50 28.28 -0.40 -0.46 32.74 
2240 30.63 28.76 0.45 0.50 32.06 
2272 30.33 28.79 0.34 0.39 32.41 
2304 30.14 29.08 -0.01 -0.01 32.94 
2336 29.54 28.86 0.79 0.92 33.37 
2368 29.62 28.76 -0.05 -0.05 33.15 
2400 30.41 29.47 0.92 1.04 33.09 
2432 29.64 29.35 -0.09 -0.11 33.81 
2464 29.86 28.79 0.03 0.03 32.93 
2496 29.67 29.02 -0.67 -0.77 33.41 
2528 29.49 28.69 -0.13 -0.15 33.23 
2560 30.01 29.83 0.28 0.32 33.94 
2592 29.56 29.18 -0.08 -0.09 33.70 
2624 30.00 29.97 0.00 0.00 34.11 
2656 30.23 28.99 -0.05 -0.06 32.75 
2688 29.63 28.66 0.33 0.39 33.02 
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Table 5.69. (cont.) 
2720 30.52 30.06 0.10 0.12 33.64 
2752 29.95 29.42 -0.05 -0.06 33.54 
2784 30.00 29.88 0.01 0.02 34.02 
2816 30.49 29.55 0.01 0.01 33.09 
2848 30.28 28.80 -0.10 -0.12 32.48 
2880 29.87 28.46 0.01 0.02 32.53 
2912 29.53 30.27 0.01 0.01 35.00 
2944 30.53 29.91 -0.12 -0.13 33.45 
2976 29.85 29.46 -0.06 -0.07 33.69 
3008 30.50 29.28 -0.17 -0.19 32.77 
3040 30.49 29.83 -0.09 -0.10 33.40 
3072 30.22 29.66 0.27 0.31 33.51 
3104 30.69 30.10 -0.11 -0.12 33.49 
3136 29.79 29.26 -0.04 -0.04 33.54 
3168 30.07 30.45 -0.07 -0.08 34.57 
3200 29.59 30.47 0.06 0.07 35.15 
3232 30.80 29.43 -0.01 -0.01 32.62 
3264 30.05 30.58 -0.11 -0.13 34.75 
3296 29.59 30.76 0.08 0.09 35.49 
3328 30.49 29.85 -0.09 -0.11 33.43 
3360 29.83 30.58 -0.12 -0.14 35.00 
3392 30.19 29.50 0.06 0.07 33.36 
3424 30.36 29.90 -0.01 -0.01 33.63 
3456 29.72 29.75 0.09 0.10 34.18 
3488 30.35 30.21 0.37 0.42 33.98 
3520 29.82 29.86 -0.05 -0.06 34.19 
3552 29.73 30.72 -0.02 -0.03 35.29 
3584 30.98 30.89 -0.07 -0.08 34.04 
3616 29.89 30.30 -0.09 -0.10 34.62 
3648 30.26 30.05 -0.04 -0.05 33.90 
3680 30.43 30.78 0.12 0.14 34.54 
3712 30.65 29.98 0.19 0.21 33.40 
3744 30.73 30.93 0.37 0.42 34.37 
3776 30.08 30.31 -0.02 -0.02 34.40 
3808 30.38 30.76 0.09 0.11 34.57 
3840 30.49 30.53 -0.04 -0.04 34.19 
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Table 5.69. (cont.) 
3872 30.29 30.17 0.06 0.07 34.01 
3904 29.81 30.50 -0.14 -0.16 34.94 
3936 30.29 30.38 -0.07 -0.08 34.25 
3968 30.62 30.42 0.13 0.15 33.93 
4000 29.76 30.49 -0.10 -0.12 34.98 
4032 30.27 30.66 0.06 0.07 34.58 
4064 30.39 31.36 0.01 0.01 35.24 
4096 30.32 30.76 -0.10 -0.11 34.64 
4128 30.55 30.65 -0.07 -0.08 34.26 
4160 30.16 30.91 -0.05 -0.05 35.00 
4192 30.38 30.55 0.06 0.07 34.34 
4224 30.23 30.71 0.05 0.05 34.69 
4256 30.03 30.61 -0.05 -0.06 34.80 
4288 29.78 30.71 -0.04 -0.04 35.21 
4320 29.98 31.38 -0.09 -0.10 35.73 
4352 30.25 30.74 -0.08 -0.09 34.70 
4384 30.25 30.67 -0.04 -0.04 34.63 
4416 30.33 30.76 -0.04 -0.04 34.63 
4448 29.97 30.94 0.15 0.17 35.26 
4480 30.39 30.42 -0.02 -0.02 34.18 
4512 29.90 31.34 -0.03 -0.03 35.79 
4544 30.49 30.64 -0.02 -0.02 34.31 
4576 29.88 31.31 -0.19 -0.22 35.78 
4608 29.73 30.84 -0.06 -0.07 35.41 
4640 30.43 31.07 -0.03 -0.03 34.87 
4672 30.29 30.71 -0.07 -0.08 34.62 
4704 30.13 31.11 0.16 0.18 35.26 
4736 30.99 30.64 0.01 0.01 33.76 
4768 30.94 31.40 -0.03 -0.03 34.65 





Experiment 5.21: Cross-coupling Product Formation from THF Boronic Ester 2.2o 
 
A 1-mL, volumetric flask was charged with cis-3,4-tetrahydrofurandiol 4-
fluorophenylboronic ester (43.7 mg, 210 µmol) followed by addition of THF to the 1-mL mark 
generating a 210-mM solution. 
A 2-mL, volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
addition of THF to the 2-mL mark. An oven dried, 5-mm, NMR tube was taken into the dry box 
and 500 µL of the freshly prepared solution was added. The tube was capped with a septum and 
Teflon taped. The sample was removed from the glove box and inserted into a −78 °C acetone 
dry-ice bath followed by the addition of (95 µL, 20.3 µmol, 2.0 equiv) of cis-3,4-
tetrahydrofurandiol 4-fluorophenylboronic ester stock solution by 100-µL glass syringe. The 
NMR tube was vortexed (not shaken), and cleaned with a Kimwipe then placed into the NMR 
probe set to −30 °C.  
A spectrum in the 19F channel was collected every 16 s to monitor the progress of the 
reaction by the observation of cross-coupling product 2 (−116.45 ppm) in comparison with the 
internal reference 1,4-difluorobenzene (−120.00 ppm). The first order formation profile was 
fitted with OrginPro 2015 software using equation 5.1. This procedure was performed three 
times to obtain an average rate.  
 
Equation 5.1 
























k (s−1)  
 (Form CCP) 
A0 [mM]  
(Decay 8-B-4) 
A0 [mM]  
(Form CCP) 
Run 1 - (16.2 ± 0.62) x 10−3 - 38.96 ± 0.19 
Run 2 - (15.5 ± 0.64) x 10−3 - 39.05 ± 0.21 
Run 3 - (15.4 ± 0.59) x 10−3 - 38.32 ± 0.20 
 
k avg. Formation of CCP = (15.7 ± 0.44) x 10−3 s−1 
 
 
Figure 5. 89. Formation of cross-coupling product 2.5 (Run 1). 
 









16 36.94 7.71 2.23 
32 31.71 42.05 14.15 
48 30.46 68.22 23.90 
64 30.12 77.79 27.55 
80 30.08 84.53 29.98 
96 29.56 88.14 31.82 
112 30.27 91.55 32.27 
128 29.51 94.00 33.99 
144 28.94 96.52 35.59 
160 29.25 97.37 35.52 

















Table 5.71 (cont.) 
192 29.36 99.81 36.28 
208 28.84 101.08 37.39 
224 30.07 102.79 36.47 
240 29.05 102.41 37.61 
256 29.81 103.24 36.95 
272 29.50 104.71 37.88 
288 29.93 103.77 37.00 
304 29.76 104.55 37.49 
320 29.00 106.16 39.07 
336 30.14 105.80 37.46 
352 29.49 105.74 38.27 
368 28.76 106.22 39.41 
384 29.56 107.57 38.83 
400 29.52 106.91 38.64 
416 29.80 106.33 38.07 
432 30.25 107.22 37.82 
448 29.78 106.71 38.23 
464 30.04 107.62 38.23 
480 29.60 108.84 39.24 
496 30.42 108.72 38.14 
512 28.99 108.48 39.93 
528 29.66 109.70 39.47 
544 30.61 108.86 37.95 
560 30.28 109.15 38.46 
576 29.78 110.37 39.55 
592 29.10 109.30 40.08 
608 30.18 109.50 38.72 
624 29.92 110.32 39.35 
640 29.47 109.04 39.48 
656 29.33 110.15 40.07 
672 29.44 110.16 39.93 
688 29.82 111.09 39.75 
704 29.90 110.11 39.30 
720 30.44 108.85 38.16 
736 29.50 109.63 39.65 
752 30.00 110.85 39.43 
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Table 5.71. (cont.) 
768 29.58 111.34 40.17 
784 29.95 111.11 39.59 
800 30.07 110.68 39.28 
816 30.39 110.67 38.86 
832 30.01 110.55 39.31 
848 30.81 110.12 38.14 
864 29.75 111.27 39.91 
880 29.45 110.29 39.97 
896 29.13 110.35 40.42 
912 29.78 110.65 39.65 
928 29.65 112.22 40.38 
944 31.08 111.65 38.33 
960 30.78 110.71 38.38 
 
 




























16 35.17 5.78 1.75 
32 30.82 36.96 12.80 
48 28.81 63.20 23.41 
64 28.78 74.46 27.61 
80 28.23 80.71 30.51 
96 29.05 84.62 31.09 
112 29.40 88.24 32.03 
128 28.04 90.17 34.32 
144 28.62 92.34 34.43 
160 28.39 94.14 35.38 
176 29.23 95.71 34.94 
192 29.03 96.54 35.48 
208 29.03 97.73 35.92 
224 28.68 98.51 36.65 
240 27.79 99.21 38.09 
256 29.09 99.78 36.59 
272 28.15 100.75 38.19 
288 28.76 101.13 37.52 
304 29.57 102.25 36.90 
320 28.52 101.18 37.85 
336 28.77 101.93 37.81 
352 29.30 101.98 37.14 
368 27.95 103.24 39.42 
384 28.13 104.14 39.50 
400 28.15 102.64 38.91 
416 29.23 103.85 37.91 
432 28.45 103.90 38.97 
448 28.52 105.35 39.42 
464 28.70 104.86 38.98 
480 28.62 104.11 38.81 
496 28.84 104.51 38.67 
512 28.12 105.05 39.86 




Table 5.72 (cont.) 
544 28.32 105.59 39.78 
560 28.34 105.00 39.53 
576 29.69 104.92 37.71 
592 28.97 106.25 39.14 
608 29.07 105.14 38.59 
624 29.51 105.03 37.98 
640 29.49 105.77 38.27 
656 28.90 105.84 39.08 
672 28.46 105.97 39.74 
688 28.97 106.87 39.37 
704 28.81 106.34 39.30 
720 28.74 106.43 38.16 
736 29.19 106.94 39.65 
752 28.92 107.12 39.43 
768 28.93 106.30 40.17 
784 28.63 106.02 39.59 
800 28.59 107.05 39.28 
816 28.25 106.68 38.86 
832 28.96 106.14 39.31 
848 28.21 106.94 38.14 
864 28.20 106.42 39.91 
880 27.93 106.13 39.97 
896 28.75 106.61 40.42 
912 28.41 106.65 39.65 
928 28.42 106.91 40.38 
944 28.05 107.73 38.33 





Figure 5.91. Formation of cross-coupling product 2.5 (Run 3). 









16 37.02 7.15 2.06 
32 31.94 39.60 13.23 
48 30.14 66.39 23.51 
64 30.48 76.04 26.62 
80 30.09 81.83 29.02 
96 30.60 86.24 30.07 
112 29.91 89.40 31.90 
128 29.43 91.79 33.28 
144 30.52 94.17 32.93 
160 29.31 95.76 34.87 
176 29.58 96.46 34.80 
192 29.71 98.85 35.50 
208 30.31 99.36 34.98 
224 29.34 99.20 36.08 
240 29.79 100.73 36.09 
256 29.40 101.18 36.73 
272 30.06 101.98 36.20 
288 30.19 101.89 36.01 
304 29.52 103.16 37.29 

















Table 5.73. (cont.) 
336 29.27 103.43 37.71 
352 29.75 104.35 37.43 
368 29.54 104.74 37.83 
384 29.32 105.22 38.29 
400 29.88 105.74 37.76 
416 30.05 106.02 37.66 
432 30.03 105.85 37.62 
448 30.43 105.37 36.95 
464 29.69 106.34 38.22 
480 29.96 106.96 38.10 
496 30.23 107.62 37.99 
512 29.83 107.53 38.47 
528 28.82 107.73 39.89 
544 29.75 107.31 38.49 
560 29.71 106.85 38.38 
576 30.40 107.08 37.58 
592 30.34 108.58 38.19 
608 29.57 107.99 38.97 
624 30.16 108.10 38.25 
640 29.53 108.52 39.22 
656 29.87 108.11 38.62 
672 30.08 107.94 38.30 
688 29.86 108.69 38.84 
704 30.74 109.24 37.93 
720 29.85 109.61 39.18 
736 29.36 107.90 39.21 
752 30.16 109.09 38.59 
768 30.27 108.62 38.30 
784 29.50 109.27 39.52 
800 29.85 109.18 39.03 
816 30.31 108.70 38.26 
832 29.76 109.00 39.08 
848 29.67 108.75 39.11 
864 29.91 108.76 38.80 
880 30.14 109.19 38.66 
896 29.80 109.44 39.19 
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Table 5.73. (cont.) 
912 30.18 110.40 39.04 
928 29.30 109.72 39.95 
944 29.04 109.30 40.16 
960 30.22 108.57 38.33 
 
Experiment 5.22: Cross-coupling Product Formation from cis-Cyclopentane-1,2-diol Ester 
2.2n 
 
A 1-mL, volumetric flask was charged with cis-1,2-cyclopentanediol 4-
fluorophenylboronic ester (43.3 mg, 210 µmol) followed by addition of THF to the 1-mL mark 
generating a 210-mM solution. 
A 2-mL, volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
addition of THF to the 2-mL mark. An oven dried, 5-mm, NMR tube was taken into the dry box 
and 500 µL of the freshly prepared solution was added. The tube was capped with a septum and 
Teflon taped. The sample was removed from the glove box and inserted into a −78 °C acetone 
dry-ice bath followed by the addition of (95 µL, 20.3 µmol, 2.0 equiv) of cis-1,2-
cyclopentanediol 4-fluorophenylboronic ester stock solution by 100-µL glass syringe. The NMR 
tube was vortexed (not shaken), and cleaned with a Kimwipe then placed into the NMR probe set 
to −30 °C.  
A spectrum in the 19F channel was collected every 24 s to monitor the progress of the 
reaction by the observation of cross-coupling product 2 (−116.45 ppm) in comparison with the 





















Figure 5.92. Formation of cross-coupling product 2.5 (Run 1). 
 









24 38.15 -0.10 -0.03 
48 33.92 3.42 1.08 
72 33.22 8.60 2.76 
96 33.24 15.53 4.98 
120 33.27 25.73 8.25 
144 32.46 35.19 11.57 
168 32.50 46.02 15.11 
192 33.29 51.32 16.45 
216 33.60 59.35 18.85 
240 32.74 61.44 20.02 
264 33.28 63.74 20.43 
288 33.09 67.08 21.63 
312 33.30 70.20 22.49 
336 33.23 70.03 22.49 
360 33.68 71.92 22.79 
384 34.11 72.40 22.65 
408 33.60 73.46 23.33 
432 34.05 75.49 23.66 
















Table 5.74. (cont.) 
480 33.07 76.70 24.75 
504 33.15 77.45 24.93 
528 33.46 78.37 24.99 
552 33.29 78.07 25.02 
576 33.94 78.75 24.76 
600 33.29 79.22 25.39 
624 34.27 81.38 25.34 
648 33.90 80.89 25.46 
672 33.57 81.86 26.02 
696 33.13 82.07 26.43 
720 33.85 84.02 26.48 
744 33.88 85.81 27.02 
768 33.53 85.70 27.27 
792 33.46 83.59 26.66 
816 33.58 87.35 27.76 
840 34.01 84.99 26.66 
864 33.25 84.95 27.26 
888 33.94 87.05 27.37 
912 33.27 87.25 27.98 
936 33.62 86.30 27.39 
960 33.71 86.13 27.26 
984 33.65 89.11 28.26 
1008 32.67 86.82 28.36 
1032 33.26 88.25 28.31 
1056 34.34 87.37 27.15 
1080 34.18 89.06 27.80 
1104 33.73 87.99 27.84 
1128 32.88 90.98 29.53 
1152 34.14 89.44 27.95 
1176 34.30 89.50 27.84 
1200 33.30 88.25 28.28 
1224 33.44 88.87 28.36 
1248 33.56 90.65 28.83 
1272 34.19 90.38 28.20 
1296 34.44 89.38 27.69 
1320 33.66 90.86 28.80 
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Table 5.74. (cont.) 
1344 32.83 90.46 29.41 
1368 34.37 92.05 28.58 
1392 34.76 93.61 28.74 
1416 34.01 90.55 28.41 
1440 33.43 91.22 29.12 
1464 33.72 92.39 29.24 
1488 33.98 91.13 28.62 
1512 33.37 92.75 29.66 
1536 34.50 93.16 28.81 
1560 33.56 91.87 29.21 
1584 33.20 92.26 29.66 
1608 33.38 92.70 29.64 
1632 34.42 95.98 29.75 
1656 33.99 93.22 29.27 
 
 
Figure 5.93. Formation of cross-coupling product 2.5 (Run 2). 









24 42.79 -0.19 -0.05 
48 38.46 3.18 0.88 
72 37.86 8.82 2.49 
















Table 5.75. (cont.) 
120 38.02 26.37 7.40 
144 36.87 37.10 10.74 
168 37.87 46.34 13.06 
192 36.52 54.02 15.78 
216 36.83 61.18 17.72 
240 37.11 65.14 18.73 
264 37.62 69.41 19.69 
288 37.81 71.97 20.31 
312 37.42 74.32 21.19 
336 37.93 74.66 21.01 
360 37.07 76.86 22.13 
384 38.68 78.84 21.75 
408 38.04 80.24 22.51 
432 37.40 81.53 23.26 
456 38.00 82.38 23.14 
480 37.62 83.41 23.66 
504 37.50 83.57 23.78 
528 37.18 84.26 24.19 
552 37.31 85.92 24.57 
576 37.70 86.28 24.42 
600 37.35 86.86 24.82 
624 37.36 87.70 25.05 
648 37.61 88.07 24.99 
672 37.01 88.72 25.58 
696 37.75 89.10 25.19 
720 38.64 89.60 24.75 
744 37.71 90.07 25.49 
768 38.08 91.03 25.51 
792 37.67 91.50 25.92 
816 37.83 91.55 25.82 
840 37.70 92.23 26.10 
864 37.79 92.30 26.06 
888 37.45 92.34 26.31 
912 37.92 93.43 26.29 
936 37.77 93.81 26.50 
960 37.86 94.23 26.56 
  
 305 
Table 5.75. (cont.) 
984 38.13 94.46 26.43 
1008 37.84 93.69 26.42 
1032 36.66 94.92 27.63 
1056 37.57 95.71 27.18 
1080 38.02 95.59 26.83 
1104 38.03 95.81 26.88 
1128 38.29 96.37 26.86 
1152 38.48 96.47 26.75 
1176 37.57 96.89 27.52 
1200 37.95 96.96 27.26 
1224 36.54 97.84 28.57 
1248 37.48 98.13 27.93 
1272 37.36 98.42 28.11 
1296 37.87 98.45 27.74 
1320 38.13 98.17 27.47 
1344 38.01 98.41 27.63 
1368 38.34 99.44 27.67 
1392 38.19 98.86 27.62 
1416 37.95 98.61 27.73 
1440 36.95 99.42 28.72 
1464 37.85 98.82 27.86 
1488 38.45 100.07 27.77 
1512 38.07 100.03 28.04 
1536 37.65 100.70 28.54 
1560 37.61 100.32 28.47 
1584 38.38 100.98 28.08 
1608 37.66 100.75 28.55 
1632 37.97 100.89 -0.05 





Figure 5.94. Formation of cross-coupling product 2.5 (Run 3). 
 









24 44.03 -0.07 -0.02 
48 38.61 3.92 1.08 
72 38.76 9.76 2.69 
96 37.79 16.40 4.63 
120 37.65 26.25 7.44 
144 38.24 36.41 10.16 
168 38.69 46.45 12.81 
192 38.00 55.19 15.50 
216 36.91 61.86 17.88 
240 38.60 67.60 18.69 
264 37.88 71.26 20.08 
288 38.15 73.41 20.53 
312 37.05 76.58 22.06 
336 38.35 78.49 21.84 
360 37.97 79.84 22.44 
384 38.40 81.72 22.71 
408 37.97 83.26 23.40 
432 37.73 82.24 23.26 
















Table 5.76. (cont.) 
480 38.09 85.82 24.04 
504 37.78 84.73 23.93 
528 38.04 87.78 24.62 
552 37.86 87.62 24.70 
576 38.59 88.18 24.38 
600 37.33 88.45 25.29 
624 37.77 89.55 25.30 
648 37.88 89.37 25.18 
672 37.97 91.25 25.64 
696 38.61 91.41 25.26 
720 38.32 90.68 25.25 
744 38.06 92.10 25.82 
768 37.87 93.02 26.21 
792 37.75 93.83 26.52 
816 38.09 94.23 26.40 
840 37.86 94.57 26.65 
864 38.96 94.21 25.80 
888 37.93 95.98 27.00 
912 37.86 94.53 26.64 
936 38.70 97.47 26.88 
960 38.48 97.17 26.95 
984 38.04 97.39 27.32 
1008 37.75 95.80 27.08 
1032 37.73 97.19 27.48 
1056 38.50 97.35 26.98 
1080 38.06 98.60 27.64 
1104 38.37 99.11 27.56 
1128 38.05 99.10 27.79 
1152 37.89 98.86 27.84 
1176 38.22 99.74 27.85 
1200 38.23 100.06 27.93 
1224 38.59 98.72 27.30 
1248 37.73 101.28 28.64 
1272 38.22 100.96 28.19 
1296 38.47 101.48 28.15 
1320 37.25 100.41 28.77 
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Table 5.76. (cont.) 
1344 38.03 102.57 28.78 
1368 38.10 101.42 28.40 
1392 38.57 100.26 27.74 
1416 37.62 100.64 28.55 
1440 38.13 102.25 28.62 
1464 38.10 102.77 28.78 
1488 38.51 102.01 28.27 
1512 37.57 102.69 29.16 
1536 37.55 103.34 29.36 
1560 37.80 103.38 29.19 
1584 38.63 103.31 28.54 
1608 38.28 103.63 28.88 
1632 38.23 103.47 28.88 




Experiment 5.23: Cross-coupling Product Formation from Neopentyl Ester 2.2i (20 equiv) 
 
A 1-mL, volumetric flask was charged with neopentyl glycol 4-fluorophenylboronic ester 
(437 mg, 2.10 mmol) followed by addition of THF to the 1-mL mark generating a 2.10 M 
solution. 
A 2-mL, volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
addition of THF to the 2-mL mark. An oven dried, 5-mm, NMR tube was taken into the dry box 
and 500 µL of the freshly prepared solution was added. The tube was capped with a septum and 
Teflon taped. The sample was removed from the glove box and inserted into a −78 °C acetone 
dry-ice bath followed by the addition of (95 µL, 203 µmol, 20 equiv) of neopentyl glycol 4-
fluorophenylboronic ester stock solution by 100-µL glass syringe. The NMR tube was vortexed 
(not shaken), and cleaned with a Kimwipe then placed into the NMR probe set to −30 °C.  
A spectrum in the 19F channel was collected every 16 s to monitor the progress of the 
reaction by the observation of cross-coupling product 2.5 (−116.45 ppm) in comparison with the 
internal reference 1,4-difluorobenzene (−120.00 ppm).  
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Figure 5.95. Formation of cross-coupling product 2.5 (Run 1). 
 









16 41.62 5.51 1.41 
32 34.48 26.62 8.24 
48 32.96 63.44 20.54 
64 32.94 92.78 30.06 
80 32.96 101.34 32.81 
96 32.49 105.64 34.70 
112 31.52 106.25 35.97 
128 31.71 107.03 36.02 
144 32.29 107.62 35.57 
160 32.87 105.88 34.37 
176 32.34 107.67 35.53 
192 32.17 107.58 35.69 
208 32.16 107.62 35.71 
224 32.14 108.48 36.02 
240 33.05 107.77 34.80 
256 33.06 108.69 35.08 
272 31.98 108.37 36.16 
288 31.74 108.00 36.31 
















Table 5.78. (cont.) 
320 32.28 109.63 36.24 
336 32.01 108.76 36.26 
352 31.92 109.59 36.63 
368 31.99 109.02 36.36 
384 32.62 109.80 35.91 
400 32.16 110.60 36.70 
416 32.60 110.26 36.09 
432 32.57 110.24 36.12 
448 32.32 109.97 36.31 
464 31.48 109.77 37.21 
480 31.65 110.26 37.17 
496 32.02 109.76 36.58 
512 32.39 110.03 36.25 
528 31.89 110.11 36.84 
544 32.46 111.16 36.55 
560 33.05 110.41 35.65 
576 31.74 109.76 36.90 
592 32.31 109.89 36.30 
608 32.12 110.84 36.82 
624 31.99 109.97 36.68 
640 31.54 110.25 37.30 
656 32.53 110.29 36.18 
672 31.94 109.34 36.53 
688 32.37 110.22 36.34 
704 32.10 110.38 36.69 
720 32.97 110.84 35.87 
736 32.21 109.30 36.21 
752 31.90 110.15 36.84 
768 31.98 110.81 36.97 
784 32.09 109.82 36.51 




Experiment 5.24: Cross-coupling Product Formation from Pinacol Ester 2.2h (20 equiv) 
 
A 1-mL, volumetric flask was charged with pinacol 4-fluorophenylboronic ester (466 mg, 
2.10 mmol) followed by addition of THF to the 1-mL mark generating a 2.1 M solution. 
A 2-mL, volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
addition of THF to the 2-mL mark. An oven dried, 5-mm, NMR tube was taken into the dry box 
and 500 µL of the freshly prepared solution was added. The tube was capped with a septum and 
Teflon taped. The sample was removed from the glove box and inserted into a −78 °C acetone 
dry-ice bath followed by the addition of (95 µL, 203 µmol, 20 equiv) of pinacol 4-
fluorophenylboronic ester stock solution by 100-µL glass syringe. The NMR tube was vortexed 
(not shaken), and cleaned with a Kimwipe then placed into the NMR probe set to −30 °C.  
A spectrum in the 19F channel was collected every 16 s to monitor the progress of the 
reaction by the observation of cross-coupling product 2.5 (−116.45 ppm) in comparison with the 
internal reference 1,4-difluorobenzene (−120.00 ppm).  
 









































16 39.0166 0.08 0.02 
32 35.0068 -0.12 -0.04 
48 32.4836 0.68 0.22 
64 31.8555 0.48 0.16 
80 32.5275 1.75 0.57 
96 32.7961 2.03 0.66 
112 31.8293 2.87 0.96 
128 31.8702 3.60 1.20 
144 31.8839 3.74 1.25 
160 31.9918 4.43 1.48 
176 32.139 5.12 1.70 
192 32.1587 6.02 2.00 
208 31.8436 6.51 2.18 
224 32.574 6.91 2.26 
240 31.7658 7.75 2.60 
256 32.0082 8.35 2.78 
272 31.1249 9.76 3.35 
288 33.2107 10.45 3.36 
304 32.6703 10.69 3.49 
320 32.0096 11.91 3.97 
336 31.4788 13.04 4.42 
352 32.2511 12.81 4.24 
368 32.1517 13.87 4.60 
384 31.4849 14.73 4.99 
400 30.9936 16.48 5.67 
416 31.7202 16.46 5.54 
432 31.955 17.20 5.74 
448 32.0635 18.04 6.00 
464 32.6874 20.02 6.54 
480 31.6181 19.79 6.68 
496 31.3592 20.27 6.90 
512 32.2472 20.89 6.91 




Table 5.79. (cont.) 
544 31.6578 23.11 7.79 
560 32.0195 24.28 8.09 
576 32.2223 25.32 8.39 
592 32.1887 26.56 8.80 
608 32.1301 26.92 8.94 
624 32.4485 27.64 9.09 
640 30.9973 28.93 9.96 
656 31.2288 29.36 10.03 
672 30.8745 30.99 10.71 
688 32.1591 31.18 10.35 
704 31.7902 32.43 10.89 
720 31.7202 33.12 11.14 
736 31.1209 34.07 11.68 
752 31.9117 35.45 11.85 
768 31.9945 36.05 12.02 
784 31.7361 36.97 12.43 
800 32.2742 37.73 12.47 
816 32.0386 38.48 12.82 
832 32.0111 39.95 13.32 
848 31.8781 40.62 13.60 
864 31.2938 41.76 14.24 
880 31.8977 42.28 14.14 
896 31.9451 43.39 14.49 
912 31.8563 44.31 14.84 
928 31.5051 45.14 15.29 
944 32.107 46.17 15.35 
960 32.3611 48.15 15.88 
976 32.6896 47.81 15.61 
992 31.9366 48.70 16.27 
1008 32.7453 49.71 16.20 
1024 31.6785 51.11 17.21 
1040 32.2842 50.99 16.85 
1056 31.1561 52.04 17.82 
1072 32.2028 52.87 17.52 
1088 31.6716 52.91 17.83 
1104 31.6935 55.66 18.74 
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Table 5.79. (cont.) 
1120 32.2215 55.13 18.26 
1136 32.274 57.06 18.86 
1152 31.4378 56.56 19.20 
1168 31.8165 59.12 19.83 
1184 32.9569 57.78 18.71 
1200 32.3529 60.43 19.93 
1216 31.7583 59.34 19.94 
1232 31.1171 60.97 20.91 
1248 31.8124 61.86 20.75 
1264 31.3079 62.04 21.14 
1280 31.4167 61.45 20.87 
1296 31.9182 63.51 21.23 
1312 31.6411 63.32 21.35 
1328 32.7205 64.36 20.99 
1344 31.6625 65.22 21.98 
1360 32.0853 67.08 22.31 
1376 32.2617 66.60 22.03 
1392 31.939 66.33 22.16 
1408 31.28 67.50 23.03 
1424 31.8027 69.44 23.30 
1440 32.0666 70.27 23.38 
1456 31.9819 70.10 23.39 
1472 31.7434 71.47 24.02 
1488 31.3917 70.05 23.81 
1504 32.3532 70.75 23.33 
1520 30.9298 72.47 25.00 
1536 31.7739 72.69 24.41 
1552 31.8832 72.75 24.35 
1568 32.2344 74.83 24.77 
1584 32.2823 73.14 24.18 
1600 31.8161 74.20 24.88 
1616 32.5614 77.27 25.32 
1632 31.6627 74.81 25.21 
1648 32.0211 75.20 25.06 
1664 32.1623 75.96 25.20 
1680 32.1646 76.33 25.32 
  
 316 
Table 5.79. (cont.) 
1696 32.1614 76.92 25.52 
1712 32.4166 79.02 26.01 
1728 32.0709 77.82 25.89 
1744 31.6404 80.23 27.06 
1760 31.8813 78.52 26.28 
1776 31.7859 80.55 27.04 
1792 32.0299 79.65 26.53 
1808 32.183 80.48 26.68 
1824 31.6964 81.73 27.51 
1840 31.3511 81.88 27.87 
1856 32.6355 81.00 26.48 
1872 32.0214 81.04 27.00 
1888 31.842 81.82 27.42 
1904 32.1288 82.18 27.30 
1920 31.6496 82.35 27.76 
1936 32.1013 82.68 27.48 
1952 32.0033 84.91 28.31 
1968 32.3502 83.09 27.41 
1984 32.1053 85.83 28.53 
2000 31.7091 85.91 28.91 
2016 31.6584 84.93 28.63 
2032 31.7071 86.16 29.00 
2048 31.8819 86.72 29.02 
2064 32.3757 86.41 28.48 
2080 32.0212 87.60 29.19 
2096 31.9728 85.78 28.63 
2112 31.7094 86.53 29.12 
2128 32.4027 87.44 28.80 
2144 32.0928 88.96 29.58 
2160 31.9259 88.80 29.68 
2176 31.5347 88.62 29.99 
2192 31.8108 88.02 29.53 
2208 31.8203 88.76 29.77 
2224 32.1054 88.05 29.27 
2240 32.1662 89.83 29.80 
2256 31.7107 90.62 30.49 
  
 317 
Table 5.79. (cont.) 
2272 31.4323 89.29 30.31 
2288 32.0887 91.05 30.28 
2304 32.1581 90.90 30.16 
2320 32.1918 89.62 29.71 
2336 32.0323 92.33 30.76 
2352 31.6721 90.52 30.50 
2368 31.979 92.05 30.72 
2384 32.235 92.46 30.61 
2400 31.6411 91.28 30.78 
2416 32.3973 91.41 30.11 
2432 31.9474 93.09 31.09 
2448 31.8501 93.25 31.24 
2464 32.2308 92.80 30.72 
2480 32.0941 91.99 30.59 
2496 31.8753 92.20 30.86 
2512 31.783 92.74 31.14 
2528 31.8705 92.76 31.06 
2544 32.1711 93.37 30.97 
2560 31.9684 93.10 31.08 
2576 31.6979 93.45 31.46 
2592 32.0325 93.51 31.15 
2608 31.6458 92.88 31.32 
2624 31.8865 93.75 31.37 
2640 32.2652 94.08 31.12 
2656 32.3994 93.92 30.93 
2672 32.1871 94.61 31.36 
2688 31.7672 94.41 31.71 
2704 32.2009 94.43 31.29 
2720 31.921 95.88 32.05 
2736 31.9705 97.06 32.40 
2752 31.3307 95.49 32.52 
2768 32.9442 97.28 31.51 
2784 31.5712 95.45 32.26 
2800 32.2078 95.61 31.68 
2816 31.9494 95.84 32.01 
2832 32.3263 96.17 31.74 
  
 318 
Table 5.79. (cont.) 
2848 31.7168 97.67 32.86 
2864 32.4718 96.66 31.76 
2880 32.0548 98.98 32.95 
2896 31.8669 97.96 32.80 
2912 31.8646 98.70 33.05 
2928 31.6293 97.21 32.80 
2944 32.1532 97.15 32.24 
2960 31.7226 99.00 33.30 
2976 31.8172 97.35 32.65 
2992 31.5948 97.26 32.85 
3008 32.5821 97.97 32.08 
3024 31.7072 99.56 33.51 
3040 32.3231 100.46 33.16 
3056 31.914 98.61 32.97 
3072 31.5565 98.46 33.29 
3088 31.1338 97.97 33.58 
3104 31.8152 98.68 33.10 
3120 31.5152 100.12 33.90 
3136 31.8522 99.30 33.27 
3152 32.0061 100.44 33.48 
3168 31.7613 101.17 33.99 
3184 32.016 100.89 33.62 
3200 32.3042 99.57 32.89 
 























16 41.60 0.00 0.00 
32 37.45 -0.06 -0.02 
48 35.27 0.12 0.04 
64 34.71 0.26 0.08 
80 34.64 0.69 0.21 
96 34.30 0.56 0.17 
112 34.54 1.11 0.34 
128 35.00 1.22 0.37 
144 34.54 1.31 0.41 
160 34.48 1.78 0.55 
176 34.74 2.05 0.63 
192 34.52 2.15 0.66 
208 34.51 2.17 0.67 
224 34.71 2.59 0.80 
240 34.82 2.63 0.81 
256 34.89 3.12 0.95 
272 34.68 3.39 1.04 
288 34.47 3.23 1.00 
304 34.66 3.62 1.12 
320 34.83 4.15 1.27 
336 35.07 4.13 1.26 
352 34.99 4.63 1.41 
368 34.89 4.63 1.41 
384 34.49 4.80 1.49 
400 34.34 4.80 1.49 
416 35.01 5.37 1.64 
432 34.52 5.92 1.83 
448 34.68 5.73 1.76 
464 34.54 6.22 1.92 
480 34.81 6.40 1.96 
496 34.86 6.89 2.11 
512 34.46 7.04 2.18 




Table 5.80. (cont.) 
544 34.76 7.39 2.27 
560 34.47 8.18 2.53 
576 34.40 8.50 2.64 
592 34.54 8.28 2.56 
608 34.52 8.90 2.75 
624 34.87 8.57 2.62 
640 34.14 9.52 2.97 
656 34.80 9.30 2.85 
672 34.24 10.28 3.20 
688 34.56 10.02 3.09 
704 34.72 10.86 3.34 
720 34.60 10.58 3.26 
736 34.47 11.10 3.44 
752 34.54 11.65 3.60 
768 34.53 11.65 3.60 
784 34.62 11.83 3.65 
800 34.26 12.26 3.82 
816 34.47 12.56 3.89 
832 34.60 13.02 4.01 
848 34.82 13.00 3.99 
864 34.82 13.81 4.23 
880 34.89 14.07 4.30 
896 34.74 14.47 4.45 
912 34.43 15.08 4.67 
928 34.73 14.86 4.57 
944 34.57 15.57 4.81 
960 34.76 15.33 4.71 
976 35.02 16.15 4.92 
992 35.00 16.35 4.98 
1008 34.71 16.63 5.11 
1024 34.48 17.31 5.36 
1040 34.56 17.01 5.25 
1056 34.66 17.90 5.51 
1072 34.75 18.17 5.58 
1088 34.71 18.26 5.61 
1104 34.58 18.75 5.78 
  
 321 
Table 5.80. (cont.) 
1120 34.35 19.36 6.01 
1136 34.71 19.78 6.08 
1152 34.70 20.09 6.18 
1168 34.77 20.77 6.37 
1184 34.81 20.77 6.37 
1200 34.72 21.51 6.61 
1216 34.39 21.59 6.70 
1232 34.51 22.21 6.87 
1248 34.28 22.72 7.07 
1264 34.66 23.10 7.11 
1280 34.99 23.30 7.11 
1296 34.40 23.77 7.37 
1312 34.58 24.24 7.48 
1328 34.24 24.72 7.70 
1344 34.30 25.53 7.94 
1360 34.48 25.18 7.79 
1376 34.67 25.71 7.91 
1392 34.85 26.09 7.99 
1408 34.75 27.04 8.30 
1424 34.61 27.12 8.36 
1440 34.86 27.33 8.37 
1456 34.54 27.77 8.58 
1472 34.55 28.63 8.84 
1488 34.58 28.95 8.93 
1504 34.72 29.11 8.95 
1520 34.79 29.84 9.15 
1536 34.38 30.10 9.34 
1552 34.86 30.52 9.34 
1568 34.83 31.43 9.63 
1584 34.48 31.69 9.81 
1600 34.69 31.76 9.77 
1616 34.38 32.85 10.20 
1632 34.86 33.08 10.13 
1648 34.73 33.46 10.28 
1664 34.53 33.62 10.39 
1680 34.41 34.02 10.55 
  
 322 
Table 5.80. (cont.) 
1696 34.62 34.73 10.70 
1712 34.58 35.59 10.98 
1728 34.65 35.56 10.95 
1744 34.72 36.07 11.08 
1760 34.81 36.55 11.20 
1776 34.63 37.07 11.42 
1792 34.70 37.50 11.53 
1808 34.64 38.54 11.87 
1824 34.51 38.54 11.92 
1840 34.47 38.81 12.01 
1856 34.56 39.57 12.22 
1872 34.70 39.99 12.30 
1888 34.48 40.72 12.60 
1904 34.62 41.00 12.64 
1920 34.78 41.61 12.76 
1936 34.68 41.95 12.90 
1952 34.39 41.96 13.02 
1968 34.38 42.54 13.20 
1984 34.70 44.14 13.57 
2000 34.79 43.85 13.45 
2016 34.44 44.12 13.67 
2032 34.69 44.13 13.58 
2048 34.84 46.16 14.14 
2064 34.36 45.98 14.28 
2080 34.53 45.91 14.19 
2096 34.48 46.45 14.38 
2112 34.86 47.13 14.43 
2128 34.56 47.78 14.76 
2144 34.70 47.99 14.76 
2160 34.82 48.11 14.74 
2176 34.35 48.53 15.07 
2192 35.02 48.99 14.93 
2208 34.81 49.58 15.20 
2224 34.65 50.58 15.58 
2240 34.65 50.68 15.61 
2256 34.71 50.99 15.67 
  
 323 
Table 5.80. (cont.) 
2272 34.36 52.14 16.19 
2288 34.64 52.19 16.08 
2304 34.67 52.22 16.07 
2320 34.75 52.95 16.26 
2336 34.37 53.05 16.47 
2352 34.85 54.00 16.53 
2368 34.38 54.52 16.92 
2384 34.33 54.52 16.95 
2400 34.52 55.12 17.04 
2416 34.67 55.99 17.23 
2432 34.50 55.72 17.24 
2448 34.42 56.75 17.59 
2464 34.11 56.81 17.77 
2480 34.51 56.84 17.57 
2496 34.21 57.49 17.93 
2512 34.62 58.54 18.04 
2528 34.49 58.70 18.16 
2544 34.47 58.95 18.25 
2560 34.64 59.47 18.32 
2576 34.42 59.89 18.57 
2592 34.18 59.86 18.69 
2608 34.69 60.43 18.59 
2624 34.09 60.81 19.03 
2640 34.37 61.23 19.01 
2656 34.18 61.83 19.30 
2672 34.61 61.91 19.09 
2688 34.53 62.28 19.25 
2704 34.53 63.47 19.61 
2720 34.41 63.37 19.65 
2736 35.00 63.92 19.49 
2752 34.57 64.95 20.05 
2768 34.42 65.05 20.16 
2784 33.98 64.78 20.34 
2800 34.33 65.23 20.28 
2816 34.49 66.21 20.48 
2832 34.42 66.23 20.53 
  
 324 
Table 5.80. (cont.) 
2848 34.77 66.98 20.56 
2864 34.23 67.31 20.99 
2880 34.64 67.54 20.80 
2896 34.80 67.38 20.66 
2912 34.60 68.03 20.98 
2928 34.73 68.49 21.04 
2944 34.51 68.57 21.20 
2960 34.36 68.99 21.42 
2976 34.41 68.99 21.39 
2992 34.64 69.67 21.46 
3008 34.44 70.13 21.73 
3024 34.61 70.45 21.72 
3040 34.36 71.48 22.20 
3056 34.34 71.23 22.13 
3072 34.41 71.51 22.17 
3088 34.54 71.77 22.18 
3104 34.43 71.73 22.23 
3120 34.85 73.06 22.37 
3136 34.55 72.86 22.51 
3152 34.46 72.68 22.50 
3168 34.33 73.38 22.81 
3184 34.61 73.63 22.70 





Figure 5.98. Formation of cross-coupling product 2.5 (Run 3). 
 









16 40.70 0.12 0.03 
32 36.00 0.01 0.00 
48 34.75 0.03 0.01 
64 34.00 0.13 0.04 
80 34.05 0.79 0.25 
96 33.80 1.13 0.36 
112 34.28 1.30 0.40 
128 33.66 1.71 0.54 
144 33.45 2.18 0.70 
160 33.98 2.71 0.85 
176 34.19 2.81 0.88 
192 34.32 3.03 0.94 
208 34.06 3.81 1.19 
224 33.52 3.82 1.22 
240 34.21 4.20 1.31 
256 33.62 4.35 1.38 
272 33.68 5.06 1.60 
288 33.84 5.78 1.82 














Table 5.81. (cont.) 
320 34.16 6.15 1.92 
336 33.78 6.24 1.97 
352 34.10 7.08 2.22 
368 33.70 7.47 2.37 
384 34.33 8.00 2.49 
400 33.76 8.78 2.78 
416 33.70 8.99 2.85 
432 33.94 9.13 2.87 
448 33.47 9.56 3.05 
464 33.57 9.92 3.15 
480 33.74 10.37 3.28 
496 33.70 10.89 3.45 
512 33.81 11.35 3.58 
528 34.08 11.64 3.65 
544 33.83 12.27 3.87 
560 33.71 12.56 3.98 
576 34.03 13.51 4.23 
592 33.35 13.53 4.33 
608 33.57 14.32 4.55 
624 33.83 14.70 4.64 
640 33.80 15.32 4.84 
656 33.66 15.86 5.03 
672 33.17 15.85 5.10 
688 33.69 16.55 5.24 
704 34.26 16.90 5.27 
720 34.48 17.28 5.35 
736 33.90 17.63 5.55 
752 33.47 18.77 5.98 
768 33.71 19.32 6.12 
784 34.37 19.39 6.02 
800 33.89 20.21 6.36 
816 33.90 20.51 6.46 
832 33.59 21.31 6.77 
848 33.21 21.35 6.86 




Table 5.81. (cont.) 
880 34.12 22.91 7.17 
896 34.33 23.65 7.35 
912 33.61 23.93 7.60 
928 33.65 24.52 7.78 
944 33.18 25.00 8.04 
960 34.13 25.16 7.86 
976 33.99 26.31 8.26 
992 33.80 26.58 8.39 
1008 34.10 26.98 8.44 
1024 33.89 27.58 8.68 
1040 33.72 28.07 8.88 
1056 33.83 28.61 9.03 
1072 34.21 29.19 9.10 
1088 33.91 29.54 9.30 
1104 33.53 30.29 9.64 
1120 33.68 30.44 9.64 
1136 33.89 31.29 9.85 
1152 33.86 32.30 10.18 
1168 34.35 32.49 10.09 
1184 33.29 32.66 10.47 
1200 33.68 33.56 10.64 
1216 33.57 34.15 10.86 
1232 34.26 34.35 10.70 
1248 33.77 35.00 11.06 
1264 33.51 36.03 11.47 
1280 33.96 36.25 11.39 
1296 34.09 36.45 11.41 
1312 34.02 37.68 11.82 
1328 34.38 37.85 11.75 
1344 33.79 37.81 11.94 
1360 33.75 38.81 12.27 
1376 34.02 39.83 12.49 
1392 33.47 40.24 12.83 
1408 34.06 40.67 12.74 
1424 33.22 41.27 13.26 
1440 33.98 41.19 12.93 
  
 328 
Table 5.81. (cont.) 
1456 34.19 41.87 13.07 
1472 33.40 42.72 13.65 
1488 34.03 43.03 13.49 
1504 33.85 43.54 13.73 
1520 33.96 44.33 13.93 
1536 34.06 44.75 14.02 
1552 34.06 44.87 14.06 
1568 33.91 45.49 14.32 
1584 33.35 46.12 14.76 
1600 34.34 46.88 14.57 
1616 33.81 47.53 15.00 
1632 33.93 47.67 14.99 
1648 33.44 48.44 15.46 
1664 32.72 49.45 16.12 
1680 33.92 49.17 15.47 
1696 34.62 49.76 15.34 
1712 33.77 50.26 15.88 
1728 34.32 51.26 15.94 
1744 34.06 50.71 15.89 
1760 33.83 51.38 16.21 
1776 33.77 52.24 16.51 
1792 34.38 52.40 16.26 
1808 33.81 53.36 16.84 
1824 33.50 53.73 17.12 
1840 33.66 54.30 17.22 
1856 33.95 54.52 17.14 
1872 34.04 55.04 17.25 
1888 33.56 55.15 17.53 
1904 33.56 55.95 17.79 
1920 33.84 55.90 17.63 
1936 33.61 57.47 18.25 
1952 33.93 56.91 17.90 
1968 34.12 57.15 17.87 
1984 33.54 58.47 18.60 
2000 33.30 58.34 18.70 
2016 33.84 58.85 18.56 
  
 329 
Table 5.81. (cont.) 
2032 33.74 59.49 18.82 
2048 33.52 59.39 18.90 
2064 33.62 60.34 19.15 
2080 33.38 60.76 19.42 
2096 33.96 60.73 19.08 
2112 34.20 61.82 19.29 
2128 33.69 62.02 19.64 
2144 33.92 62.45 19.64 
2160 33.77 62.84 19.86 
2176 33.85 63.16 19.91 
2192 33.44 63.43 20.24 
2208 33.56 64.93 20.65 
2224 33.90 64.56 20.32 
2240 34.15 65.13 20.35 
2256 34.48 65.29 20.21 
2272 33.65 65.74 20.85 
2288 33.69 66.22 20.98 
2304 34.04 66.51 20.85 
2320 33.55 66.76 21.23 
2336 33.43 68.47 21.86 
2352 33.56 67.41 21.43 
2368 33.65 67.58 21.43 
2384 33.67 69.01 21.87 
2400 33.21 68.76 22.09 
2416 33.46 68.69 21.91 
2432 34.11 69.01 21.58 
2448 34.36 69.75 21.66 
2464 34.04 70.07 21.97 
2480 33.72 70.43 22.29 
2496 33.89 70.56 22.21 
2512 33.82 71.15 22.45 
2528 33.85 71.14 22.42 
2544 33.43 71.97 22.97 
2560 33.89 71.51 22.52 
2576 33.63 73.07 23.18 
2592 33.90 73.62 23.17 
  
 330 
Table 5.81. (cont.) 
2608 34.20 74.59 23.27 
2624 33.86 73.76 23.25 
2640 33.79 73.52 23.22 
2656 33.80 74.04 23.38 
2672 34.45 74.23 22.99 
2688 33.27 74.29 23.83 
2704 34.03 74.96 23.50 
2720 33.54 75.02 23.87 
2736 34.04 75.05 23.53 
2752 34.02 75.96 23.82 
2768 33.68 77.65 24.60 
2784 33.31 77.87 24.94 
2800 33.90 76.50 24.08 
2816 34.02 77.33 24.26 
2832 33.67 77.53 24.57 
2848 33.90 77.84 24.50 
2864 33.40 77.80 24.86 
2880 34.07 78.33 24.54 
2896 33.24 78.55 25.21 
2912 33.92 78.66 24.75 
2928 34.04 79.27 24.85 
2944 33.44 80.10 25.56 
2960 34.06 79.63 24.94 
2976 34.16 81.35 25.41 
2992 33.93 80.68 25.37 
3008 33.53 82.31 26.20 
3024 33.92 82.74 26.03 
3040 33.87 81.26 25.60 
3056 34.02 81.78 25.65 
3072 33.63 82.23 26.09 
3088 33.95 82.28 25.86 
3104 33.68 84.04 26.62 
3120 33.80 84.14 26.56 
3136 33.49 83.04 26.46 
3152 33.77 85.00 26.86 
3168 33.88 85.43 26.90 
  
 331 
Table 5.81. (cont.) 
3184 34.31 83.45 25.96 





Experiment 5.25: Cross-coupling Product Formation from Glycol Ester 2.2g (20 equiv) 
 
A 1-mL, volumetric flask was charged with glycol 4-fluorophenylboronic ester (349 mg, 
210 µmol) followed by addition of THF to the 1-mL mark generating a 2.10 M solution. 
A 2-mL, volumetric flask was taken into the dry box and charged with [(i-Pr3P)Pd(4-
FC6H4)(µ-OH)]2 (30.8 mg, 41 µmol) and 1,4-difluorobenzene (2.5 µL, 24 µmol) followed by 
addition of THF to the 2-mL mark. An oven dried, 5-mm, NMR tube was taken into the dry box 
and 500 µL of the freshly prepared solution was added. The tube was capped with a septum and 
Teflon taped. The sample was removed from the glove box and inserted into a −78 °C acetone 
dry-ice bath followed by the addition of (95 µL, 203 µmol, 20 equiv) of glycol 4-
fluorophenylboronic ester stock solution by 100-µL glass syringe. The NMR tube was vortexed 
(not shaken), and cleaned with a Kimwipe then placed into the NMR probe set to −30 °C.  
A spectrum in the 19F channel was collected every 8 s to monitor the progress of the 
reaction by the observation of cross-coupling product 2 (−116.45 ppm) in comparison with the 
internal reference 1,4-difluorobenzene (−120.00 ppm). The first order formation profile was 
fitted with OrginPro 2015 software using equation 5.1. This procedure was performed three 
times to obtain an average rate. 
Equation 5.1 
[𝑃] = [𝐴]%(1 − 𝑒'()) 
 
Table 5.82. Results from the Cross-coupling Reaction. 
Entry k (s
−1)  
 (Form CCP) 
A0 [mM]  
(Form CCP) 
Run 1 (12.6 ± 0.05) x 10−3 34.7 ± 0.31 
Run 2 (12.7 ± 0.05) x 10−3 34.2 ± 0.29 
Run 3 (12.2 ± 0.05) x 10−3 34.6 ± 0.32 
 





























Figure 5.99. Formation of cross-coupling product 2.5 (Run 1). 
 









8 11.53 -0.16 -0.15 
16 10.59 2.17 2.19 
24 9.89 5.64 6.09 
32 9.81 9.50 10.34 
40 10.89 13.17 12.91 
48 10.30 15.62 16.19 
56 9.79 18.60 20.27 
64 10.52 18.76 19.02 
72 10.75 21.70 21.54 
80 9.57 22.70 25.32 
88 9.83 23.76 25.78 
96 9.90 24.59 26.50 
104 9.54 25.40 28.41 
112 10.41 25.68 26.31 
120 9.54 25.57 28.61 
128 9.99 27.00 28.85 
136 10.06 26.40 28.00 
144 11.33 27.20 25.63 

















Table 5.83. (cont.) 
160 10.22 28.17 29.42 
168 10.23 27.86 29.06 
176 9.87 29.28 31.64 
184 9.78 28.27 30.83 
192 9.21 27.86 32.28 
200 10.66 29.34 29.37 
208 9.75 28.65 31.35 
216 10.23 29.82 31.12 
224 10.67 30.43 30.45 
232 10.21 29.52 30.85 
240 10.73 31.07 30.89 
248 9.87 31.65 34.21 
256 10.09 30.17 31.91 
264 9.95 30.84 33.09 
272 9.58 31.44 35.03 
280 9.88 29.97 32.37 
288 10.27 32.12 33.38 
296 10.01 31.02 33.06 
304 10.16 31.93 33.55 
312 9.56 33.18 37.01 
320 9.66 32.22 35.58 
328 10.69 31.31 31.27 
336 10.38 33.28 34.22 
344 10.56 32.78 33.14 
352 10.70 32.42 32.33 
360 10.04 32.26 34.27 
368 10.32 31.81 32.89 
376 11.26 32.77 31.05 
384 10.37 32.83 33.78 
392 10.48 32.39 32.99 
400 10.67 33.75 33.77 
408 10.41 32.77 33.60 
416 9.21 32.20 37.29 
424 10.54 33.14 33.57 
432 9.70 32.78 36.05 
440 9.70 34.20 37.64 
  
 335 
Table 5.83. (cont.) 
448 9.70 32.83 36.12 
456 10.38 32.90 33.82 
464 9.51 32.39 36.33 
472 10.03 34.20 36.37 
480 9.95 33.06 35.45 
488 10.04 33.91 36.04 
496 10.33 35.20 36.38 
504 10.28 34.21 35.53 
512 10.17 34.29 35.96 
520 10.80 33.74 33.32 
528 9.77 33.93 37.07 
536 10.84 33.11 32.59 
544 9.62 32.93 36.53 
552 10.33 32.85 33.94 
560 10.29 34.24 35.50 
 
 
Figure 5.100. Formation of cross-coupling product Table 5.83. (cont.) 



























8 19.76 0.89 0.48 
16 17.73 3.07 1.85 
24 16.15 8.40 5.55 
32 17.70 14.13 8.52 
40 17.60 20.17 12.23 
48 17.01 25.23 15.83 
56 15.87 29.79 20.02 
64 15.92 31.28 20.97 
72 17.82 34.20 20.48 
80 15.97 36.40 24.33 
88 16.13 38.56 25.51 
96 16.24 39.94 26.24 
104 18.10 40.72 24.01 
112 16.23 42.09 27.68 
120 16.53 43.71 28.22 
128 16.52 44.51 28.74 
136 16.41 42.21 27.44 
144 15.84 43.16 29.08 
152 16.28 44.10 28.90 
160 15.61 45.62 31.19 
168 16.96 45.17 28.42 
176 16.60 46.59 29.95 
184 16.03 47.63 31.70 
192 16.89 47.77 30.19 
200 17.68 47.83 28.87 
208 16.61 47.02 30.20 
216 16.24 48.38 31.79 
224 16.01 48.57 32.37 
232 15.69 47.53 32.32 
240 17.13 50.01 31.15 
248 17.27 50.24 31.04 
256 17.02 49.99 31.33 




Table 2.84. (cont) 
272 15.38 49.86 34.59 
280 16.56 49.69 32.02 
288 16.85 49.15 31.13 
296 16.75 48.41 30.84 
304 16.63 49.72 31.91 
312 15.83 50.06 33.75 
320 16.40 50.43 32.81 
328 16.85 50.84 32.19 
336 15.25 50.52 35.35 
344 16.40 51.23 33.32 
352 16.31 51.60 33.77 
360 16.29 51.65 33.83 
368 14.79 52.47 37.86 
376 15.12 52.64 37.15 
384 16.90 52.48 33.15 
392 16.72 53.48 34.13 
400 16.95 54.01 34.00 
408 16.61 53.64 34.46 
416 17.62 52.09 31.55 
424 16.62 51.25 32.91 
432 17.01 52.48 32.92 
440 16.53 50.86 32.82 
448 16.33 52.70 34.44 
456 15.84 53.92 36.32 
464 17.08 52.50 32.80 
472 16.84 52.58 33.31 
480 15.80 53.31 36.01 
488 16.96 53.53 33.69 
496 17.27 55.27 34.15 
504 16.65 54.24 34.75 
512 15.83 56.06 37.78 
520 16.45 54.97 35.65 
528 17.03 54.19 33.96 
536 16.63 55.46 35.59 
544 17.28 55.52 34.28 
552 16.81 54.24 34.43 
  
 338 
Table 2.84. (cont) 
560 16.76 54.42 34.64 
 
 
Figure 5.101. Formation of cross-coupling product 2.5 (Run 3). 
 









8 15.28 0.70 0.49 
16 15.32 3.06 2.13 
24 17.53 7.41 4.51 
32 16.56 13.82 8.91 
40 15.69 18.81 12.79 
48 16.50 24.30 15.71 
56 16.31 26.61 17.42 
64 16.89 29.58 18.69 
72 15.70 31.62 21.50 
80 14.65 34.24 24.95 
88 14.88 37.07 26.59 
96 15.94 36.97 24.76 
104 16.41 37.39 24.32 
112 14.55 39.70 29.11 
120 16.66 39.15 25.08 

















Table 2.85. (cont) 
136 15.41 39.83 27.57 
144 16.63 42.75 27.44 
152 17.35 43.75 26.91 
160 15.22 43.01 30.14 
168 15.19 44.25 31.10 
176 16.50 43.95 28.42 
184 16.54 44.92 28.97 
192 15.36 45.96 31.94 
200 15.95 45.00 30.11 
208 15.28 46.45 32.44 
216 14.78 46.90 33.85 
224 15.05 45.64 32.36 
232 15.19 46.94 32.98 
240 15.88 46.45 31.20 
248 16.11 47.34 31.35 
256 15.34 47.45 33.02 
264 16.42 47.34 30.76 
272 15.27 48.31 33.75 
280 14.65 48.25 35.14 
288 14.87 48.25 34.62 
296 16.62 46.68 29.97 
304 14.47 46.09 34.00 
312 15.61 49.20 33.63 
320 16.26 46.77 30.70 
328 15.35 48.83 33.94 
336 16.30 49.47 32.38 
344 16.66 49.50 31.71 
352 16.11 50.58 33.51 
360 15.66 49.31 33.60 
368 15.69 49.81 33.87 
376 16.35 51.24 33.43 
384 15.56 48.09 32.99 
392 16.26 51.75 33.96 
400 16.14 50.61 33.47 
408 15.69 51.31 34.89 
416 14.19 50.00 37.59 
  
 340 
Table 2.85. (cont) 
424 15.97 51.33 34.30 
432 14.99 53.00 37.72 
440 15.67 51.73 35.22 
448 15.21 49.51 34.73 
456 16.67 50.07 32.05 
464 15.02 51.16 36.36 
472 16.30 52.16 34.14 
480 16.10 52.22 34.61 
488 16.15 51.55 34.06 
496 15.37 52.57 36.49 
504 14.71 52.97 38.41 
512 16.22 52.15 34.31 
520 14.97 52.04 37.09 
528 16.60 51.41 33.04 
536 16.29 52.59 34.46 
544 16.01 52.69 35.12 
552 15.66 50.94 34.70 






Experiment 5.26: Kinetic Study of Catalytic Cross-coupling Product 2.14 Formation in 
THF                   
 
A oven dried 5-mm NMR tube was charged with XPHOS-Pd-G3 (3.6 mg, 4.3 µmol) 
followed by dissolving with 1 mL of THF (NaK). 
A dram vial was charged with freshly sublimed 4-fluorophenylboronic acid glycol ester 
(13.5 mg, 81.3 µmol. 1.0 equiv) and taken into the glovebox. Then 4-bromomethylbenzene (12.4 
µL, 81.3 µmol, 1 equiv), 1,4-difluorobenzene (2.5 µL, 24 µmol) and CsOH•H2O (13.6 mg, 81.3 
µmol, 1.0 equiv) were added followed by a stir bar and 2 mL of THF (NaK). The mixture was 
stirred for 1 h where the formation of 8-B-4 cesium 4-fluorophenylboronic hydroxyl glycol ester 
was observed. An oven dried, 5-mm, NMR tube was taken into the dry box and 500 µL of the 
freshly prepared solution was added. The tube was capped with a septum and Teflon taped. The 
sample was removed from the glove box and (95 µL, 20.3 µmol, 2.0 equiv) of XPHOS-Pd-G3 
Stock Sol. via a 100 µL glass syringe. The NMR tube was shaken, and cleaned with a Kimwipe 
then placed into the NMR probe set to 23 °C. A similar experiment was conducted with 3.0 



































































































The procedure was performed in a glove box. A 25-mL, round-bottomed flask containing 
a 0.75-cm x 1.5-cm football-shaped stir bar was charged with 4-bromotoluene 2.12 (171 mg, 
1.00 mmol), glycol ester 2.2g (199 mg, 1.20 mmol, 1.20 equiv), and cesium hydroxide 
monohydrate (504 mg, 3.00 mmol, 3.00 equiv), followed by the addition of 1 mL of dry, 
degassed THF. Precatalyst XPHOS-Pd-G3 (6.9 mg, 0.02 mmol, 0.02 equiv) was weighed into a 
1 dram vial, and was dissolved in 1 mL of dry, degassed THF. The mixture containing aryl 
bromide, ester, and base was allowed to stir for 10 min, at which point the solution of catalyst 
was added by syringe. The reaction mixture was stirred for 5 min, at which point it was removed 
from the glove box and diluted with 10 mL of diethyl ether, causing a white solid to precipitate. 
The mixture was filtered through a 25-mm, coarse glass-fritted funnel to remove solids, and 20 
mL diethyl ether was used to wash the filter cake. The filtrate was concentrated by rotary 
evaporation (30 ºC, 40 mm Hg).  
The crude residue was purified by flash chromatography (19 g silica gel, 25 mm column) 
using 98:2, hexane/ethyl acetate as the eluent. The collected fractions were concentrated by 
rotary evaporation (30 ºC, 20 mm Hg), and further dried under high vacuum (0.1 mm Hg) to 
furnish 179 mg (0.96 mmol, 96%) of 2.12 as a white solid. Spectroscopic data was in agreement 
with the literature values.6  
Data for 2.14: 
 1H NMR: (500 MHz, CDCl3) 
7.52 (m, 2H, HC(3)), 7.44 (d, 3J(H-H) = 8 Hz, 2H, HC(6) or HC(7)), 7.24 (d, 
3J(H-H) = 7.5 Hz, 2H, HC(7) or HC(6)), 7.11 (m, 2H, HC(2)), 2.39 (s, 3H, 
HC(9)) 


























163.41, 161.46, (d, 1J(F-C) = 233 Hz, 1 C(1)), 137.54, (s, 1 C(5) or C(8)), 137.42, 
137.40 (d, 4J(F-C) = 2.5 Hz, 1 C(4)), 137.18 (s, 1 C(5) or C(8)), 129.67 (s, 2 C(6) 
or C(7)), 128.63, 128.57 (d, 3J(F-C) = 7.5 Hz, 2 C(3)), 126.99 (s, 2 C(6) or C(7)), 
115.76, 115.59 (d, 2J(F-C) = 21 Hz, 2C(2)), 21.22 (s, 1 C(9)) 
 19F NMR: (471 MHz, CDCl3) 








 The procedure was performed with the exclusion of light. A 250-mL, round-bottomed 
flask containing a 1.5-cm x 1.25-cm football-shaped stir bar was charged with catechol 
derivative3 2.15 (1.03 g, 3.44 mmol). The flask was evacuated and refilled with argon 3 times. 
Ethanol (40 mL) was added via syringe, followed by hydrazine monohydrate (3.4 mL, 70.0 
mmol, 20.0 equiv). The reaction mixture was stirred at room temperature for 10 h, during which 
time a white solid precipitated out of solution. The reaction mixture was diluted with diethyl 
ether (70 mL) which caused additional white solid to precipitate, then was filtered by vacuum 
filtration using a 55-mm Buchner funnel and Whatman grade-1 medium porosity filter paper. 
The filter cake was washed with diethyl ether (40 mL), and the diethyl ether was removed from 
the combined filtrate by rotary evaporation (23 ºC, 12 mm Hg). 
 The resulting ethanolic solution was acidified with 70 mL of 1 M aq. HCl, and was added 
to a continuous extractor containing dichloromethane (1.5 L). The dichloromethane was heated 
at reflux for 22 h. The dichloromethane fraction was then concentrated by rotary evaporation (30 
ºC, 15 mm Hg) to yield the desired product as a yellow solid (509 mg, 2.99 mmol, 87% yield). 
Spectroscopic data was in agreement with the literature values.7  
Data for 2.7l: 
 1H NMR: (500 MHz, CDCl3) 
6.38 (s, 2H, HC(3)), 5.39 (s, 2H, HO(1)), 3.85 (s, 6H, HC(4)) 
 13C NMR: (126 MHz, CDCl3) 























 Fremy’s Salt4 and 4,5-dimethoxycyclohexa-3,5-diene-1,2-dione5 2.16 were prepared 
following literature procedures. To a 500-mL separatory funnel was added a solution of 723 mg 
4,5-dimethoxycyclohexa-3,5-diene-1,2-dione5 2.16 (4.3 mmol) in 200 mL of dichloromethane. A 
separate solution of 4.35 g of sodium bisulfite (43 mmol, 10.0 equiv) and 7.50 g of dibasic 
potassium phosphate (43 mmol, 10.0 equiv) in 200 mL of water was prepared, which was then 
added to the separatory funnel. The mixture was agitated by shaking until the light-orange 
organic layer became colorless (> 1 min). The layers were then separated and the organic layer 
was dried over 6 g of anhydrous sodium sulfate. The solid was filtered off using a 25-mm, coarse 
glass-fritted funnel, and the filtrate was concentrated by rotary evaporation (25 oC, 15 mm Hg) to 
yield the product as a white solid which was taken forward without additional purification 




















A 100-mL, round-bottomed flask containing a 1.5-cm x 0.7-cm rod-shaped magnetic stir 
bar was charged with 4-fluorophenylboronic acid 2.2a (210 mg, 1.50 mmol, 1.00 equiv), and 
3,6-dimethoxycatechol 2.7l (255 mg, 1.50 mmol), followed by 50 mL of toluene. The flask was 
fitted with a Dean-Stark apparatus, which was filled with toluene, and a reflux condenser. The 
reaction was heated at reflux and stirred for 17 h, at which point it was cooled to room 
temperature. The toluene was removed by rotary evaporation (30 ºC, 6 mm Hg) to yield 402 mg 
of off-white solid.  
The crude material was transferred to a sublimation apparatus which was heated at 125 
°C for 27 h under high vacuum (0.1 mm Hg). The collected material (360 mg) still contained 
impurities by 1H NMR analysis, and a 2nd sublimation was conducted at 125 °C for 25 h. The 
recovered material still contained impurities. This material (330 mg) was recrystallized from 40 
mL of 20:1, hexanes/THF, brought to reflux then allowed to cool to room temperature over 1 h, 
then was cooled in a freezer (-20 °C) for 3 h. Vacuum filtration, followed by washing with 10 
mL of cold hexanes and drying under vacuum, provided analytically pure product in 58% yield 
(237 mg, 0.87 mmol, 71% recovery from crystallization). 
Data for 2.2l: 
 mp: 157-158 °C (hexanes/THF) 
 1H NMR: (500 MHz, CDCl3) 
8.16 (m, 2H, HC(2)), 7.16 (m, 2H, HC(3)), 6.66 (s, 2H, HC(7)), 3.98 (s, 6H, 
HC(8)) 
 13C NMR: (126 MHz, CDCl3) 
166.91, 164.90 (d, 1J(F-C) = 241 Hz, 1 C(1)), 140.73 (s, 2 C(5)), 138.3 (s, 2 
C(6)), 137.76, 137.70 (d, 3J(F-C) = 8 Hz, 2 C(3)), 115.76, 155.59 (d, 2J(F-C) = 21 


























 19F NMR: (471 MHz, CDCl3) 
  –106.34 (s, 1 FC(1)) 
 11B NMR: (161 MHz, CDCl3) 
  32 ppm (br, 1 BC(4)) 
 IR: (neat, ATR) 
2838 (w), 1600 (w), 1518 (m), 1458 (w), 1441 (w), 1401 (w), 1373 (m), 1330 
(m), 1270 (m), 1231 (w), 1218 (m), 1158 (m), 1102 (s), 1071 (m), 1014 (w), 977  
(w), 839 (m), 787 (w), 777 (w), 724 (m), 709 (m), 668 (w), 651 (s), 269 (w), 579 
(w), 508 (w), 478 (w) 
 MS: (ESI) 
275.1 (18), 274.1 (100, M+), 273.1 (29), 260.1 (10), 259.1 (64), 258.1 (19), 231.1 
(25), 213.0 (12), 109.0 (22) 
 HRMS: calcd for C14H12BFO4+: 274.08127, found: 274.08111 
 Analysis: C14H12BFO4 (274.08) 
  Calcd:  C, 61.36; H, 4.41 









A flame-dried, 500-mL, round-bottomed flask containing a 1.5-cm x 1.25 cm-football-
shaped magnetic stir bar was charged with tris-(4-fluorophenyl)boroxine 2.2j (716 mg, 1.95 
mmol, 0.33 equiv), 4,5-dimethoxycatechol 2.7d (994 mg, 5.85 mmol) and 200 mL of benzene. 
The flask was fitted with a Dean-Stark apparatus and was purged with nitrogen, after which 
stirring was started and the flask was placed into an oil bath set to 110 °C. The mixture was 
heated at reflux for 14 h, then cooled to room temperature. Benzene was removed by rotary 
evaporation (30 ºC, 6 mm Hg).  
The resultant oil was purified by Kugelrohr distillation (120 oC, 0.5 mm Hg) to give 993 
mg of boronic ester (63 %) as a white solid. A sample of this product was sublimed at 80 oC (0.5 
mm Hg). During sublimation, partial hydrolysis was observed to reform the boroxine. After 6 h 
of sublimation, 20 mg was collected and found to be impure. An additional 40 mg of impure 
material was removed after another 12 h of sublimation. After further sublimation over 24 h, 40 
mg of product was collected and observed to be pure. The sublimation was allowed to proceed 
for 72 h, from which 127 mg of analytically pure sample was obtained for kinetic experiments. 
Data for 2.2d: 
 mp: 123-125 °C (sublimed) 
 1H NMR: (500 MHz, CDCl3) 
8.04 (m, 2H, HC(2)), 7.17 (m, 2H, HC(3)), 6.96 (s, 2H, HC(6)), 3.90 (s, 6H, 
HC(8)) 
 13C NMR: (126 MHz, CDCl3) 
166.74, 164.74 (d, 1J(F-C) = 252 Hz, 1 C(1)), 145.43 (s, 2 C(7)), 141.86 (s, 2 
C(5)), 137.27, 137.20 (d, 3J(F-C) = 9 Hz, 2 C(3)), 115.80, 155.64 (d, 2J(F-C) = 21 
Hz, 2 C(2)), 98.25 (s, 2 C(6)), 56.98 (s, 2 C(8)) 
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 19F NMR: (471 MHz, CDCl3) 
  –106.72 (s, 1 FC(1)) 
 11B NMR: (161 MHz, CDCl3) 
  32 ppm (br, 1 BC(4)) 
 IR: (neat, ATR) 
2991 (w), 2951 (w), 2836 (w), 1923 (w), 1590 (m), 1514 (w), 1491 (m), 1469 
(m), 1450 (m), 1418 (w), 1394 (m), 1357 (s), 1305 (w), 1293 (m), 1249 (m), 1231 
(m), 1215 (s), 1191 (s), 1162 (s), 1150 (s), 1090 (m), 1065 (s), 1037 (m), 1010 
(m), 995 (m), 875 (s), 828 (s), 795 (m), 761 (m), 746 (w), 723 (w), 664 (w), 646 
(w), 598 (m), 511 (m), 495 (m), 464 (w) 
 MS: (EI+) 
275.0 (17), 274.0 (97, M+), 273.0 (27), 260.0 (17), 259.0 (100), 170.0 (35) 155.0 
(35), 112 (11), 109 (14), 95 (28), 66 (11) 
 HRMS: calcd for C14H12BFO4+: 274.08127, found: 274.08102 
 Analysis: C14H12BFO4 (274.08) 
  Calcd:  C, 61.36; H, 4.41 









A 250-mL, round-bottomed flask containing a 1.5-cm x 1.25-cm football-shaped 
magnetic stir bar was charged with tris-(4-fluorophenyl)boroxine 2.2j (731 mg, 2.00 mmol, 0.33 
equiv), 2-hydroxyisobutyric acid 2.7k (625 mg, 6.00 mmol) and toluene (125 mL). The flask was 
fitted with a Dean-Stark apparatus which was filled with toluene, and a reflux condenser, then 
was heated to reflux for 14 h. After cooling to room temperature, the toluene was removed by 
rotary evaporation (30 ºC, 6 mm Hg) to give 1.08 g of crude product with few impurities.  
The product was transferred to a sublimation apparatus and was heated under at 50 °C for 
18 h under high vacuum (0.1 mm Hg). This procedure resulted in the formation of colorless 
crystalline product on the cold finger, and the purified material was collected to yield 912 mg 
(4.38 mmol, 73%) of pure product as a white crystalline solid which was immediately transferred 
to a glove box.  
Data for 2.2k: 
 mp: 59-61 °C (sublimation) 
 1H NMR: (500 MHz, CDCl3) 
7.92 (m, 2H, HC(2)), 7.14 (m, 2H, HC(3)), 1.59 (s, 6H, HC(6)) 
 13C NMR: (126 MHz, CDCl3) 
178.80 (s, 1 C(7)), 167.33, 165.31 (d, 1J(F-C) = 255 Hz, 1 C(1)), 137.91, 137.84 
(d, 3J(F-C) = 9 Hz, 2 C(3)), 115.83, 115.67, 2J(F-C) = 20 Hz, 2 C(2)), 79.87 (s, 1 
C(5)), 25.64 (s, C(6)) 
 19F NMR: (471 MHz, CDCl3) 
  –104.92 (s, 1 FC(1)) 
 11B NMR: (161 MHz, CDCl3) 


























 IR: (neat, ATR) 
3424 (w), 2991 (w), 1797 (m), 1722 (w), 1590 (m), 1520 (w), 1421 (w), 1404 
(m), 1366 (s), 1320 (m), 1301 (s), 1255 (m), 1221 (s), 1181 (m), 1155 (s), 1095 
(w), 1079 (w) 1051 (s), 1013 (m), 969 (m), 845 (s), 834 (m), 825 (w), 792 (w), 
765 (m), 729 (m), 679 (w), 659 (w), 640 (s), 601 (w), 583 (m), 573 (m), 527 (m), 
515 (w), 503 (w) 
 MS: (ESI) 
209.1 (23), 208.1 (95.3, M+), 207.1 (24), 164.1 (54), 163.1 (13), 136.1 (1), 124.0 
(14), 123.0 (100), 122.0 (91), 77.0 (11), 76.0 (27), 75.0 (18), 59.1 (61), 58.1 (17) 
 HRMS: calcd for C13H10BFO3+: 208.07071, found: 208.07015 
 Analysis: C13H10BFO3 (208.00) 
  Calcd:  C, 57.75; H, 4.85 









A 250-mL, round-bottomed flask containing a 1.5-cm x 1.25-cm football-shaped 
magnetic stir bar was charged with 4-fluorophenylboronic acid 2.2a (210 mg, 1.50 mmol), 
3,4,5,6-tetrachlorocatechol 2.7l (399 mg, 1.50 mmol, 1.00 equiv) and toluene (100 mL). The 
flask was fitted with a Dean-Stark apparatus which was filled with toluene, and a reflux 
condenser, then was heated at reflux for 14 h. After cooling to room temperature, the toluene was 
removed by rotary evaporation (30 ºC, 6 mm Hg) to give a slightly pink solid (447 mg, 1.27 
mmol, 85%) which was immediately brought into a glove box to prevent hydrolysis of the ester. 
Attempts at purification lead to increased contamination with degradation products. 
Data for 2.2l: 
 mp: 181-184 °C 
 1H NMR: (500 MHz, CDCl3) 
8.15 (m, 2H, HC(2)), 7.21 (m, 2H, HC(3)) 
13C NMR:(126 MHz, CDCl3) 
167.54, 165.52, (d, 1J(F-C) = 255 Hz, 1 C(1)), 144.93 (s, 1 C(5)), 138.21, 138.14 
(d, 3J(F-C) = 9 Hz, 2 C(3)), 127.44 (s, 1 C(6) or C(7)), 116.87 (s, 1 C(6) or C(7)), 
116.20, 116.04 (d, 2J(F-C) = 20 Hz, 2 C(2)) 
 19F NMR: (471 MHz, CDCl3) 
  –136.02 (s, 1 FC(1)) 
 11B NMR: (161 MHz, CDCl3) 
  33 ppm (br, 1 BC(4)) 
 IR: (neat, ATR) 
1603 (m), 1505 (w), 1428 (w), 1387 (s), 1358 (s), 1302 (w), 1242 (m), 1161 (w), 






























807 (m), 797 (m), 724 (w), 671 (w), 648 (s), 593 (w), 509 (w) 
 MS: (ESI) 
355.9 (14.8), 354.9 (12.3), 353.9 (68.2), 352.9 (33.8), 351.9 (100.0), 350.9 (48.1), 
349.9 (93.3), 348.9 (26.7), 166.9 (11.1), 164.9 (11.7), 141.0 (19.7) 
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Computational Methods and Alternative Levels of Theory: 
 
All calculations were performed using Gaussian 09.9 Geometry optimizations were 
performed using the B3LYP functional with Grimme’s D3 dispersion correction with the Becke-
Johnson damping function (B3LYP-D3(BJ)), using the LANL2DZ basis set for palladium and 
the 6-31G(d,p) basis set for all other atoms10. Stationary points were verified by vibrational 
frequency analysis. Solvation energies were calculated as the differential between the electronic 
energy in the gas phase and in the solvent phase, the latter of which was calculated at the same 
level of theory using the CPCM (Conductor-like Polarizable Continuum Model) with UFF 
(Universal Force Field) atomic radii and with THF specified as the solvent.11 Thermal 
corrections were taken from gas phase optimized structures at 243.15K, treating low-lying 
vibrational modes treated with a free-rotor approximation.12 Single point energies were 
computed using the range-separated hybrid functional LC-ωPBE.13 This functional was selected 
after testing multiple different functionals (B3LYP-D3(BJ) and M06,  shown below for 
comparison), all with the Def2-TZVP basis set.14 The LC-ωPBE functional was selected, as it 








Pd      -0.265200      0.028800     -0.999600 
C       -3.360800      3.400900      0.342000 
C       -2.026900      3.472600      0.725200 
C       -1.161800      2.443100      0.346400 
C       -1.624900      1.352300     -0.403600 
C       -2.974900      1.312600     -0.773800 
C       -3.851400      2.339300     -0.406600 
H       -1.681100      4.320600      1.307000 
H       -0.117600      2.495000      0.639600 
H       -3.359800      0.480500     -1.354600 
H       -4.898100      2.323500     -0.692300 
P       -1.080700     -1.579700      0.373700 
O        1.053500      1.330900     -2.138700 
B        2.206400      0.317300     -2.058400 
O        2.858200      0.215200     -3.328400 
H        3.729600      0.620100     -3.301100 
O        1.500000     -1.025600     -1.794400 
C        4.512400      1.099600      1.613800 
C        3.581900      2.043700      1.200100 
C        2.877000      1.809100      0.016600 
C        3.077000      0.650800     -0.751200 
C        4.035800     -0.267500     -0.290800 
C        4.760700     -0.056500      0.882300 
H        3.423800      2.936000      1.797000 
H        2.145100      2.536100     -0.321300 
H        4.206100     -1.180100     -0.856400 
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C       -2.384200     -1.130000      1.633600 
C        0.450800     -2.289900      1.171200 
C       -1.834600     -2.980500     -0.600400 
C        0.215000     -3.531200      2.039800 
H        1.179000     -3.972900      2.313600 
H       -0.299800     -3.273200      2.969700 
H       -0.369000     -4.302400      1.529100 
C        1.286600     -1.229100      1.905400 
H        2.281500     -1.634300      2.110500 
H        1.424800     -0.330500      1.301300 
H        0.837700     -0.944300      2.859100 
C       -0.828900     -3.606500     -1.574100 
H       -1.311600     -4.418600     -2.127800 
H       -0.481100     -2.865000     -2.298500 
H        0.045300     -4.020800     -1.067100 
C       -3.073200     -2.479500     -1.357100 
H       -3.543400     -3.308200     -1.896600 
H       -3.825200     -2.043500     -0.694200 
H       -2.785500     -1.718300     -2.089300 
C       -1.830900     -0.205400      2.726700 
H       -2.665100      0.235000      3.282100 
H       -1.214400     -0.758900      3.439800 
H       -1.240100      0.611900      2.310500 
C       -3.140600     -2.317700      2.245700 
H       -3.900800     -1.937400      2.936400 
H       -3.655900     -2.921900      1.495600 
H       -2.479600     -2.975000      2.815800 
H        1.027100     -2.570500      0.281900 
H       -3.087600     -0.539000      1.038000 
H       -2.141200     -3.743300      0.124300 
F        5.199600      1.310000      2.761700 
F       -4.205300      4.391800      0.709800 
H        5.499900     -0.766200      1.239700 
H        0.808709      1.431037     -3.059468 
H        1.360999     -1.438045     -2.647824 
Sum of electronic and zero-point Energies=          -1737.654954 
 Sum of electronic and thermal Energies=             -1737.632089 
 Sum of electronic and thermal Enthalpies=           -1737.631319 















Pd      -0.089500     -0.546600     -0.518400 
C        1.866300      3.771200     -0.730700 
C        1.877600      3.096100      0.483600 
C        1.227900      1.861800      0.573000 
C        0.584600      1.313000     -0.541700 
C        0.590800      2.015200     -1.752300 
C        1.237100      3.250600     -1.854900 
H        2.394400      3.528400      1.333900 
H        1.255600      1.318300      1.510900 
H        0.107800      1.595100     -2.629400 
H        1.258400      3.805900     -2.786700 
P       -2.034600      0.122400      0.424500 
O        0.922500     -1.933200     -2.477200 
B        1.004400     -2.805100     -1.276500 
O        1.231800     -4.190200     -1.565300 
H        2.114700     -4.304100     -1.932300 
O       -0.359300     -2.731600     -0.551300 
C        3.677000     -0.571700      1.490600 
C        3.811900     -0.375900      0.123700 
C        2.976300     -1.091800     -0.735000 
C        2.012600     -2.006200     -0.259300 
C        1.927000     -2.166800      1.142700 
C        2.748700     -1.463200      2.021900 
H        4.537800      0.340000     -0.246300 
H        3.044200     -0.926000     -1.804900 
H        1.193100     -2.860000      1.542600 
  
 361 
C       -2.381200      1.952700      0.586100 
C       -2.115700     -0.545600      2.165400 
C       -3.417900     -0.744900     -0.483900 
C       -0.921300     -0.012800      2.970400 
H       -1.013200     -0.320800      4.017100 
H        0.013700     -0.419800      2.575200 
H       -0.851500      1.078700      2.947900 
C       -2.149200     -2.081100      2.186700 
H       -2.028900     -2.431100      3.217300 
H       -3.102100     -2.473400      1.820100 
H       -1.347800     -2.508700      1.577900 
C       -3.315600     -0.574300     -2.006900 
H       -4.018000     -1.254800     -2.500400 
H       -3.562200      0.441600     -2.322500 
H       -2.305500     -0.800600     -2.360500 
C       -4.826900     -0.443200      0.041300 
H       -5.550000     -1.116400     -0.431700 
H       -4.905000     -0.580700      1.123500 
H       -5.130200      0.580200     -0.195100 
C       -3.394300      2.341100      1.672200 
H       -3.491200      3.432000      1.692600 
H       -4.387500      1.927400      1.481500 
H       -3.078600      2.024500      2.668700 
C       -2.744800      2.580000     -0.766500 
H       -2.719000      3.670800     -0.678600 
H       -2.039600      2.294700     -1.548700 
H       -3.753900      2.298500     -1.080500 
H       -3.043500     -0.164900      2.607900 
H       -1.401100      2.346300      0.873200 
H       -3.186500     -1.793800     -0.264900 
F        4.462800      0.131200      2.338100 
F        2.485800      4.970400     -0.821700 
H        2.683000     -1.588200      3.097900 
H       -1.030455     -3.107860     -1.122040 
H        0.439898     -2.392386     -3.165682 
Sum of electronic and zero-point Energies=          -1737.640871 
 Sum of electronic and thermal Energies=             -1737.618410 
 Sum of electronic and thermal Enthalpies=           -1737.617640 















Pd       0.126800     -0.646400      0.141700 
C        4.688200     -1.353300     -1.031800 
C        3.865300     -0.742600     -1.969200 
C        2.531200     -0.488900     -1.635100 
C        2.033400     -0.842000     -0.377300 
C        2.882200     -1.471900      0.542400 
C        4.217500     -1.730100      0.220300 
H        4.266300     -0.476100     -2.941300 
H        1.888200     -0.019400     -2.370300 
H        2.512400     -1.758800      1.522000 
H        4.888400     -2.211400      0.923900 
P        0.397400      1.593400      0.373700 
O       -1.159500     -1.803900      2.187900 
B       -1.538100     -2.578700      1.004000 
H       -0.861200     -2.412300      2.875600 
O       -2.014000     -3.871400      1.401600 
H       -2.324600     -4.364300      0.635400 
O       -0.286600     -2.741600      0.072600 
C       -4.460400     -0.179800     -1.319400 
C       -4.581800     -0.282000      0.064400 
C       -3.611500     -0.992900      0.765200 
C       -2.535100     -1.635100      0.118000 
C       -2.460500     -1.494600     -1.282200 
C       -3.409400     -0.765600     -2.009500 
H       -5.419100      0.197000      0.561900 
H       -3.683200     -1.074900      1.845500 
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H       -1.653500     -1.987100     -1.816300 
C       -1.218100      2.185900      1.121100 
C        0.784700      2.503000     -1.204500 
C        1.704200      2.136700      1.588100 
C        0.775400      4.031900     -1.079300 
H        1.152100      4.482000     -2.004100 
H       -0.237300      4.411700     -0.919700 
H        1.404700      4.386800     -0.258400 
C       -0.064300      2.015000     -2.389200 
H        0.400400      2.331700     -3.329000 
H       -0.156700      0.925300     -2.395900 
H       -1.073500      2.428700     -2.362700 
C        3.131500      2.113600      1.024600 
H        3.826900      2.436100      1.807000 
H        3.425700      1.113100      0.706000 
H        3.254100      2.794600      0.178700 
C        1.589200      1.280800      2.858100 
H        2.279600      1.651900      3.622800 
H        0.579900      1.290100      3.278600 
H        1.842400      0.240900      2.639800 
C       -2.319400      2.265000      0.056700 
H       -3.293300      2.352900      0.545000 
H       -2.188700      3.142100     -0.583400 
H       -2.351400      1.373900     -0.571100 
C       -1.142900      3.481300      1.941000 
H       -2.142800      3.719000      2.319500 
H       -0.480200      3.394700      2.804800 
H       -0.810200      4.329900      1.336900 
H        1.814400      2.177000     -1.391000 
H       -1.474500      1.360500      1.797300 
H        1.458500      3.174700      1.838800 
F       -5.391500      0.521300     -2.007400 
F        5.980700     -1.590200     -1.346300 
H       -3.351000     -0.661500     -3.088000 
H        0.379845     -3.267636      0.516335 
Sum of electronic and zero-point Energies=          -1737.636311 
 Sum of electronic and thermal Energies=             -1737.603851 
 Sum of electronic and thermal Enthalpies=           -1737.602907 















Pd      -0.119200      0.553400      0.265100 
C        2.836700     -3.186300     -0.087000 
C        2.532200     -2.449900     -1.224000 
C        1.618300     -1.398000     -1.119200 
C        1.016100     -1.079400      0.105500 
C        1.340900     -1.850900      1.229100 
C        2.256500     -2.904000      1.143100 
H        3.009100     -2.696700     -2.166700 
H        1.396200     -0.809900     -2.002900 
H        0.895800     -1.628100      2.192700 
H        2.524600     -3.497100      2.011100 
P       -2.028900     -0.666200      0.049100 
O        0.123500      4.457000      0.843500 
B       -0.013500      3.374400     -0.104600 
H       -0.520600      5.135900      0.606800 
O       -0.412000      3.737700     -1.446600 
H        0.260600      4.312200     -1.828000 
O       -1.173000      2.449200      0.388500 
C        3.773300      0.999600      0.006300 
C        3.149500      1.306900      1.203500 
C        1.948800      2.029700      1.161900 
C        1.362300      2.454700     -0.058300 
C        2.046500      2.090700     -1.243300 
C        3.244200      1.386000     -1.224500 
H        3.591000      0.981500      2.138900 
H        1.482800      2.324500      2.098500 
  
 365 
H        1.608900      2.384900     -2.193100 
C       -2.907600     -0.858300      1.684500 
C       -1.888800     -2.408600     -0.616300 
C       -3.161700      0.381400     -0.999500 
C       -1.548100     -2.413700     -2.112600 
H       -1.245800     -3.422300     -2.411700 
H       -2.413200     -2.132100     -2.719000 
H       -0.724500     -1.737900     -2.345600 
C       -3.084300     -3.326400     -0.322300 
H       -2.876100     -4.321400     -0.730200 
H       -3.269400     -3.446700      0.747300 
H       -4.004300     -2.966600     -0.789000 
C       -4.532400     -0.249000     -1.275500 
H       -5.189900      0.497100     -1.734200 
H       -4.455200     -1.087400     -1.973600 
H       -5.024100     -0.607500     -0.366100 
C       -2.484100      0.895100     -2.280100 
H       -3.181400      1.559800     -2.801400 
H       -1.592200      1.481900     -2.050600 
H       -2.221900      0.087300     -2.966500 
C       -3.294400      0.491700      2.300100 
H       -3.797900      0.325000      3.258100 
H       -2.404100      1.097500      2.491800 
H       -3.969700      1.067900      1.664200 
C       -2.033500     -1.655600      2.662400 
H       -2.593600     -1.863700      3.579900 
H       -1.692500     -2.609200      2.251800 
H       -1.147700     -1.073000      2.931500 
H       -1.014300     -2.791700     -0.080300 
H       -3.824300     -1.423100      1.479200 
H       -3.285900      1.261100     -0.359800 
F        4.921100      0.291300      0.024200 
F        3.717900     -4.208100     -0.179800 
H        3.766700      1.111500     -2.134800 
H       -1.304563      2.713020      1.300012 
Sum of electronic and zero-point Energies=          -1737.646045 
 Sum of electronic and thermal Energies=             -1737.623363 
 Sum of electronic and thermal Enthalpies=           -1737.622593 















Pd       0.138400     -0.549800     -0.543800 
C        4.890800     -0.593900     -0.163600 
C        4.348800      0.215600     -1.152600 
C        2.957000      0.294900     -1.274900 
C        2.128800     -0.428200     -0.413700 
C        2.700400     -1.257000      0.564200 
C        4.089500     -1.338800      0.694000 
H        5.007500      0.767300     -1.815000 
H        2.539200      0.917900     -2.055900 
H        2.056600     -1.843800      1.214900 
H        4.550800     -1.969200      1.447000 
P       -0.088800      1.587400      0.240500 
O       -0.020600     -2.899800      1.447700 
B       -0.677300     -3.094800      0.163700 
H        0.084300     -3.769700      1.849600 
O       -1.013900     -4.482500      0.013800 
H       -1.460000     -4.634400     -0.825200 
O        0.277300     -2.631300     -0.983600 
C       -4.231300     -0.446900     -0.293600 
C       -3.857100     -0.888800      0.977500 
C       -2.711700     -1.668000      1.100200 
C       -1.930600     -2.041500     -0.017400 
C       -2.354500     -1.558000     -1.276800 
C       -3.503600     -0.765100     -1.425600 
H       -4.459900     -0.608400      1.835500 
H       -2.394100     -2.014300      2.078700 
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H       -1.807200     -1.853400     -2.168100 
C       -1.909300      2.007900      0.225300 
C        0.897700      2.909200     -0.623600 
C        0.387100      1.695500      2.040700 
C        0.697100      4.323100     -0.063300 
H        1.417100      5.008600     -0.523500 
H       -0.303900      4.700900     -0.289000 
H        0.842000      4.368700      1.019200 
C        0.713800      2.876600     -2.149500 
H        1.544900      3.400600     -2.633100 
H        0.681000      1.853500     -2.534300 
H       -0.209400      3.373600     -2.452500 
C        1.901900      1.748100      2.274900 
H        2.091900      1.826000      3.350700 
H        2.397300      0.848200      1.910000 
H        2.368400      2.613500      1.796500 
C       -0.259500      0.524800      2.799000 
H       -0.024500      0.603400      3.866000 
H       -1.348300      0.519100      2.695700 
H        0.102100     -0.440900      2.433300 
C       -2.420800      2.355600     -1.179000 
H       -3.511700      2.275300     -1.191200 
H       -2.156200      3.379900     -1.456900 
H       -2.030500      1.675700     -1.939300 
C       -2.382500      3.045500      1.252900 
H       -3.468000      3.159700      1.160000 
H       -2.175800      2.739700      2.280600 
H       -1.931500      4.027900      1.090400 
H        1.924400      2.591700     -0.411700 
H       -2.353200      1.048000      0.502700 
H       -0.042500      2.635300      2.405400 
F       -5.320400      0.350500     -0.412400 
F        6.234500     -0.664800     -0.036400 
H       -3.827700     -0.401300     -2.394500 
H        1.157243     -2.970395     -0.814845 
Sum of electronic and zero-point Energies=          -1737.647072 
 Sum of electronic and thermal Energies=             -1737.624448 
 Sum of electronic and thermal Enthalpies=           -1737.623678 















Pd      -0.031900     -0.597100      0.074300 
C        1.304000      3.985200     -0.334600 
C        1.149700      3.208600     -1.475900 
C        0.753800      1.876100     -1.334400 
C        0.504100      1.323200     -0.070500 
C        0.682400      2.132700      1.058400 
C        1.082400      3.467700      0.934500 
H        1.343600      3.643300     -2.451000 
H        0.650600      1.263400     -2.224700 
H        0.515800      1.730400      2.051600 
H        1.225400      4.100600      1.804200 
P       -2.278100     -0.048600      0.208700 
O       -0.230300     -2.858100      0.074200 
B        1.052500     -2.946400     -0.630200 
O        1.853800     -3.983800     -0.108800 
H        2.788700     -3.794800     -0.235700 
C        4.680100     -0.259600      0.428400 
C        4.176400     -0.238900     -0.868200 
C        2.891500     -0.732900     -1.083500 
C        2.102000     -1.265500     -0.044600 
C        2.672800     -1.262200      1.248100 
C        3.951900     -0.768100      1.499700 
H        2.481900     -0.724300     -2.089400 
H        2.106300     -1.669100      2.083400 
H        4.389400     -0.766200      2.492700 
C       -3.194700     -1.337900     -0.785700 
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C       -2.785500      1.681300     -0.288700 
C       -2.925500     -0.243400      1.950200 
C       -4.142600      2.160800      0.244400 
H       -4.309100      3.194400     -0.078400 
H       -4.970500      1.559600     -0.139700 
H       -4.193000      2.149700      1.335600 
C       -2.689900      1.879000     -1.807800 
H       -2.748100      2.947300     -2.039800 
H       -1.747300      1.503900     -2.208900 
H       -3.513900      1.381100     -2.326500 
C       -2.187300      0.723100      2.887400 
H       -2.622200      0.679000      3.891400 
H       -1.132900      0.440700      2.960700 
H       -2.228900      1.760800      2.546900 
C       -2.776100     -1.685000      2.452500 
H       -3.105700     -1.749200      3.494900 
H       -3.368300     -2.396400      1.872500 
H       -1.728600     -2.000600      2.413300 
C       -2.603400     -1.525700     -2.192300 
H       -3.082900     -2.389100     -2.666600 
H       -2.780100     -0.658500     -2.832100 
H       -1.529400     -1.722700     -2.154200 
C       -4.718900     -1.174600     -0.813900 
H       -5.177200     -2.060700     -1.266700 
H       -5.147800     -1.054200      0.185400 
H       -5.015400     -0.311200     -1.416400 
O        0.889800     -2.767900     -2.018300 
H        1.406500     -3.428900     -2.490200 
H       -1.996800      2.289400      0.167800 
H       -3.990900      0.013300      1.935200 
H       -2.944200     -2.249100     -0.230600 
H        4.784200      0.166400     -1.670600 
F        5.921400      0.219700      0.654600 
F        1.682300      5.279000     -0.463300 
H       -0.088990     -3.190699      0.961428 
Sum of electronic and zero-point Energies=          -1737.631567 
 Sum of electronic and thermal Energies=             -1737.608570 
 Sum of electronic and thermal Enthalpies=           -1737.607800 















Pd      -0.153600     -0.678200     -0.089500 
C       -4.897400     -1.328900     -0.555100 
C       -4.199400     -0.822900     -1.645100 
C       -2.834600     -0.553800     -1.503800 
C       -2.166700     -0.783900     -0.292000 
C       -2.907600     -1.303300      0.781000 
C       -4.274100     -1.578500      0.660200 
H       -4.721500     -0.651500     -2.580900 
H       -2.290800     -0.160300     -2.358000 
H       -2.420600     -1.491700      1.735500 
H       -4.852700     -1.975000      1.488300 
P       -0.213900      1.592600      0.080100 
O        0.040700     -2.827400     -0.031100 
B        1.184300     -2.731100      0.849400 
H       -0.744900     -3.137100      0.441100 
O        0.845800     -2.402300      2.180700 
C        4.696400     -0.352100     -0.706500 
C        3.868100     -0.936700     -1.660600 
C        2.562900     -1.259900     -1.291300 
C        2.057800     -1.021900      0.007000 
C        2.949900     -0.437900      0.926400 
C        4.264100     -0.100900      0.590800 
H        1.920000     -1.736900     -2.026900 
H        2.616300     -0.273900      1.947500 
H        4.950000      0.342800      1.305500 
O        2.184900     -3.669000      0.577800 
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H        4.252200     -1.126100     -2.657600 
F        5.962700     -0.030600     -1.047900 
F       -6.220400     -1.585300     -0.682600 
C        0.794900      2.117900      1.560800 
C        0.459700      1.296200      2.815200 
C        0.800200      3.625000      1.843700 
H        1.801000      1.822100      1.247200 
H        0.435600      0.224200      2.602100 
H        1.221500      1.478800      3.581800 
H       -0.505600      1.579100      3.239400 
H        1.060500      4.215500      0.960600 
H       -0.170600      3.969000      2.209600 
H        1.539700      3.849600      2.620400 
C       -1.926000      2.357600      0.179800 
C       -2.033000      3.835200     -0.223800 
C       -2.579100      2.112300      1.547200 
H       -2.487000      1.767600     -0.549600 
H       -1.748500      4.005300     -1.264700 
H       -3.075600      4.154300     -0.117600 
H       -1.425500      4.488200      0.407200 
H       -2.488800      1.071200      1.859800 
H       -2.144000      2.752400      2.319600 
H       -3.646400      2.348000      1.485100 
C        0.570200      2.462800     -1.375100 
C       -0.067800      1.939400     -2.670100 
C        2.095200      2.324300     -1.414000 
H        0.325400      3.524400     -1.264100 
H       -1.155600      2.057500     -2.675800 
H        0.332800      2.481000     -3.533400 
H        0.154300      0.875500     -2.798900 
H        2.575600      2.795900     -0.553700 
H        2.401700      1.279000     -1.446200 
H        2.478500      2.816500     -2.314500 
H        1.459500     -2.821800      2.793100 
H        3.049300     -3.367100      0.874600 
Sum of electronic and zero-point Energies=          -1737.627052 
 Sum of electronic and thermal Energies=             -1737.603967 
 Sum of electronic and thermal Enthalpies=           -1737.603197 














Pd       0.229900     -0.261700     -0.116300 
C       -0.655300      4.423700      0.249900 
C       -0.364200      3.882300     -0.995400 
C       -0.050000      2.523000     -1.082300 
C       -0.044600      1.704100      0.055000 
C       -0.318700      2.291400      1.297600 
C       -0.630600      3.651000      1.403200 
H       -0.378200      4.519600     -1.873500 
H        0.193000      2.104400     -2.054100 
H       -0.298500      1.690600      2.200500 
H       -0.848700      4.111000      2.361600 
P       -2.107400     -0.816300     -0.001000 
O        0.757500     -2.598400     -0.465600 
B        1.938000     -2.693600      0.271800 
O        3.108200     -2.830300     -0.420700 
H        3.877700     -2.441100      0.011700 
O        1.767400     -2.714600      1.626900 
H        2.595900     -2.735400      2.115600 
C       -2.538300     -2.156100     -1.234300 
C       -3.268000      0.642200     -0.180900 
C       -2.565600     -1.559300      1.652200 
C       -4.690300      0.466200      0.365800 
H       -5.241200      1.406700      0.251600 
H       -5.245200     -0.306600     -0.172200 
H       -4.700600      0.211000      1.428200 
C       -3.288500      1.160600     -1.625600 
H       -3.752000      2.152100     -1.653800 
  
 373 
H       -2.281000      1.255800     -2.035300 
H       -3.873700      0.504000     -2.276500 
C       -2.189000     -0.572000      2.767000 
H       -2.506500     -0.963100      3.739600 
H       -1.103500     -0.435000      2.793400 
H       -2.646400      0.412200      2.634100 
C       -1.869600     -2.907400      1.884100 
H       -2.113500     -3.275500      2.887000 
H       -2.190700     -3.670100      1.169800 
H       -0.782900     -2.810600      1.816100 
C       -2.004900     -1.832200     -2.638900 
H       -2.030000     -2.730900     -3.265300 
H       -2.604100     -1.066600     -3.136500 
H       -0.974500     -1.465300     -2.598300 
C       -4.004700     -2.599100     -1.272200 
H       -4.113600     -3.492200     -1.898300 
H       -4.389200     -2.842900     -0.277800 
H       -4.642900     -1.820800     -1.700400 
C        5.027700      0.315700     -0.209900 
C        4.385700      0.183700      1.016800 
C        2.985700      0.141800      1.037700 
C        2.224300      0.193300     -0.142500 
C        2.920300      0.364700     -1.350000 
C        4.316100      0.419700     -1.398900 
H        4.976400      0.145400      1.927300 
H        2.483800      0.046300      1.996700 
H        2.369900      0.443400     -2.284600 
F       -0.965100      5.739800      0.342400 
F        6.381600      0.356500     -0.243100 
H        4.853600      0.538500     -2.334300 
H       -2.758600      1.403000      0.421800 
H       -1.931400     -2.986700     -0.855100 
H       -3.650500     -1.715500      1.664700 
H        0.969860     -2.581249     -1.399609 
Sum of electronic and zero-point Energies=          -1737.654328 
 Sum of electronic and thermal Energies=             -1737.630357 
 Sum of electronic and thermal Enthalpies=           -1737.629587 
















Pd       0.032900     -0.426400     -0.308500 
C        4.728300     -1.805000     -0.161000 
C        3.840800     -2.139200      0.852100 
C        2.532600     -1.643600      0.781800 
C        2.086300     -0.827100     -0.278900 
C        3.028300     -0.534200     -1.280300 
C        4.342300     -1.009400     -1.232700 
H        4.175200     -2.762900      1.675200 
H        1.851700     -1.893500      1.595000 
H        2.742300      0.074800     -2.133100 
H        5.062700     -0.779100     -2.011500 
P        0.315400      1.747500      0.204300 
O       -0.092100     -2.724900     -0.718900 
B       -1.162000     -3.153600      0.063600 
O       -0.916100     -3.336200      1.403100 
H       -1.671300     -3.688900      1.884700 
O       -2.333200     -3.396300     -0.585000 
H       -3.123700     -3.216100     -0.063900 
C        1.115100      2.006800      1.873400 
C       -1.284800      2.723800      0.336600 
C        1.458800      2.565900     -1.019800 
C       -1.887400      3.007000     -1.045700 
H       -2.926300      3.331700     -0.928800 
H       -1.347900      3.806500     -1.561400 
H       -1.890100      2.117800     -1.677100 
C       -1.239400      4.000800      1.188300 
  
 375 
H       -2.226300      4.475900      1.163500 
H       -1.007600      3.795500      2.235900 
H       -0.516400      4.730300      0.814900 
C        1.682100      4.066600     -0.796200 
H        2.486300      4.420500     -1.450600 
H        0.786700      4.645600     -1.037700 
H        1.968700      4.297400      0.233600 
C        1.075800      2.254100     -2.474400 
H        1.910900      2.506900     -3.136600 
H        0.841000      1.194000     -2.603300 
H        0.208500      2.831700     -2.799900 
C        2.625200      1.746500      1.902300 
H        2.994600      1.912100      2.920400 
H        2.863600      0.722500      1.615000 
H        3.173600      2.423100      1.241900 
C        0.378400      1.145200      2.909000 
H        0.773000      1.339300      3.911900 
H       -0.697200      1.346700      2.925200 
H        0.514900      0.083500      2.682900 
C       -4.823900     -0.742100     -0.072500 
C       -4.227600     -0.545100     -1.312800 
C       -2.845400     -0.348700     -1.366700 
C       -2.042900     -0.339300     -0.212900 
C       -2.699300     -0.522200      1.017500 
C       -4.082200     -0.736300      1.102900 
H       -4.840800     -0.561100     -2.208200 
H       -2.383400     -0.229500     -2.343900 
H       -2.122600     -0.522700      1.939900 
F        6.000200     -2.266200     -0.105500 
F       -6.162900     -0.941500     -0.005800 
H       -4.586000     -0.879100      2.054300 
H       -1.944800      2.006400      0.831800 
H        0.953100      3.062300      2.115100 
H        2.396500      2.038000     -0.817200 
H        0.763571     -2.878153     -0.316278 
Sum of electronic and zero-point Energies=          -1737.646566 
 Sum of electronic and thermal Energies=             -1737.623116 
 Sum of electronic and thermal Enthalpies=           -1737.622346 










Pd      -0.207800     -0.342000     -0.399500 
C       -2.481600     -2.908100      2.892300 
C       -1.553700     -1.942600      3.265400 
C       -0.953500     -1.166500      2.271000 
C       -1.282000     -1.355300      0.921700 
C       -2.219000     -2.335500      0.577300 
C       -2.822800     -3.122900      1.563300 
H       -1.310200     -1.809800      4.314200 
H       -0.219800     -0.417400      2.553200 
H       -2.483800     -2.501800     -0.461600 
H       -3.544900     -3.892900      1.312800 
P       -1.971400      0.936900     -1.011500 
O        1.423000      0.577900     -1.614800 
B        2.446200      0.157200     -0.570000 
O        3.608100     -0.446500     -1.233500 
O        1.785700     -1.044500      0.168000 
C        2.853600      3.561400      2.167400 
C        3.030100      3.763600      0.803100 
C        2.921900      2.665800     -0.050200 
C        2.654500      1.374600      0.432500 
C        2.499000      1.220800      1.818900 
C        2.590200      2.304400      2.695600 
H        3.239700      4.762100      0.433800 
H        3.033700      2.818800     -1.119900 
H        2.292600      0.231200      2.215300 
C       -1.267500      2.665500     -1.021200 
C       -3.558800      0.825700     -0.034600 
C       -2.471300      0.580400     -2.772000 
  
 377 
C       -4.794100      1.415100     -0.730600 
H       -5.668600      1.264800     -0.088700 
H       -4.694700      2.489500     -0.902700 
H       -5.007600      0.935400     -1.688400 
C       -3.400800      1.389900      1.384100 
H       -4.256300      1.079000      1.991900 
H       -2.495600      1.024600      1.871500 
H       -3.380700      2.482700      1.376200 
C       -2.987000     -0.861800     -2.882400 
H       -3.323800     -1.061500     -3.904700 
H       -2.185300     -1.568700     -2.645900 
H       -3.825500     -1.062800     -2.210100 
C       -1.317900      0.815100     -3.754900 
H       -1.653100      0.588700     -4.772300 
H       -0.958100      1.846200     -3.743200 
H       -0.474400      0.158700     -3.525300 
C       -0.655000      3.068200      0.329900 
H       -0.039600      3.961700      0.192800 
H       -1.421200      3.298700      1.072600 
H       -0.003000      2.289000      0.729400 
C       -2.213600      3.743500     -1.563600 
H       -1.660800      4.679400     -1.696500 
H       -2.651000      3.477400     -2.530200 
H       -3.029200      3.944600     -0.863200 
H       -3.696800     -0.256200      0.061600 
H       -0.427200      2.537800     -1.713800 
H       -3.285100      1.272800     -3.015700 
F        2.939700      4.622200      3.003900 
F       -3.069300     -3.658900      3.850200 
H        2.464600      2.189600      3.767100 
C        3.476300     -1.798000     -1.150300 
C        2.389000     -2.170100     -0.344900 
C        4.266500     -2.766500     -1.751700 
H        5.111400     -2.481000     -2.369300 
C        3.933200     -4.114100     -1.532700 
C        2.046200     -3.490200     -0.125300 
C        2.843500     -4.472800     -0.738700 
H        4.537400     -4.888900     -1.995000 
H        2.606500     -5.521200     -0.587800 
H        1.195300     -3.744400      0.498300 
H        1.590976      0.071695     -2.410604 
Sum of electronic and zero-point Energies=          -1967.458026 
 Sum of electronic and thermal Energies=             -1967.432406 
 Sum of electronic and thermal Enthalpies=           -1967.431636 








Pd       0.270400     -0.436500     -0.305800 
C        4.405200     -0.366500     -2.664000 
C        3.778800      0.844200     -2.396900 
C        2.607900      0.845300     -1.633400 
C        2.072400     -0.350100     -1.141600 
C        2.723100     -1.556000     -1.436100 
C        3.893400     -1.572000     -2.201000 
H        4.200600      1.763800     -2.788400 
H        2.112700      1.789700     -1.441400 
H        2.323500     -2.498600     -1.075500 
H        4.405400     -2.499000     -2.436100 
P        1.192600     -0.056700      1.735500 
O       -1.919700     -0.684300      0.016500 
B       -2.162100      0.018700     -1.382300 
O       -3.331800     -0.691400     -1.897800 
O       -0.920000     -0.319300     -2.162000 
C       -2.317100      4.285400     -0.406100 
C       -3.377900      3.463800     -0.040400 
C       -3.334700      2.119800     -0.409900 
C       -2.258200      1.585400     -1.134700 
C       -1.222400      2.459600     -1.498700 
C       -1.237200      3.809300     -1.138400 
H       -4.207200      3.880100      0.521500 
H       -4.152600      1.466000     -0.119600 
H       -0.388900      2.073400     -2.077200 
C       -0.115100      0.402900      2.999700 
C        2.385300      1.379600      1.761300 
  
 379 
C        2.133100     -1.507600      2.450300 
C        2.994600      1.660900      3.143100 
H        3.789700      2.407500      3.044600 
H        2.248900      2.074300      3.828500 
H        3.428600      0.775200      3.612400 
C        1.767800      2.662200      1.178700 
H        2.564700      3.342000      0.860900 
H        1.118000      2.468800      0.323100 
H        1.172000      3.186000      1.930500 
C        3.596400     -1.562400      1.983800 
H        4.069200     -2.458400      2.399800 
H        3.663700     -1.623000      0.896000 
H        4.180800     -0.701000      2.310700 
C        1.421000     -2.821200      2.089300 
H        1.944800     -3.665500      2.549900 
H        0.383300     -2.846100      2.422300 
H        1.420100     -2.968500      1.006000 
C       -0.834300     -0.799000      3.622700 
H       -1.546500     -0.434900      4.370400 
H       -1.407800     -1.343700      2.869700 
H       -0.155500     -1.491500      4.125900 
C       -1.153600      1.376700      2.417200 
H       -1.789200      1.746200      3.229000 
H       -0.714300      2.240100      1.919300 
H       -1.786000      0.865400      1.691400 
H        3.173900      1.046100      1.079900 
H        0.453000      0.906300      3.792000 
H        2.112900     -1.374200      3.539800 
F       -2.340700      5.588800     -0.041600 
F        5.541000     -0.372300     -3.395300 
H       -0.438700      4.488800     -1.417900 
C       -3.449700     -1.850200     -1.196200 
C       -2.594900     -1.877100     -0.079800 
C       -4.280800     -2.923400     -1.477600 
C       -2.526500     -2.978400      0.754400 
C       -4.229500     -4.038800     -0.624200 
C       -3.365100     -4.071000      0.468700 
H       -4.941600     -2.892800     -2.337300 
H       -4.869500     -4.891600     -0.828400 
H       -3.332800     -4.947400      1.108200 
H       -1.844100     -3.000100      1.596300 
H       -1.030377     -1.154613     -2.617887 
Sum of electronic and zero-point Energies=          -1967.456804 
 Sum of electronic and thermal Energies=             -1967.431451 
 Sum of electronic and thermal Enthalpies=           -1967.430681 






Pd      -0.007300      0.282800     -0.432200 
C       -1.846100      3.676100      2.325100 
C       -2.024500      2.354900      2.716000 
C       -1.576700      1.334600      1.872400 
C       -0.954500      1.638900      0.656600 
C       -0.787300      2.980800      0.288800 
C       -1.227000      4.009500      1.126100 
H       -2.499400      2.136900      3.666700 
H       -1.692700      0.305000      2.190100 
H       -0.306400      3.238200     -0.649800 
H       -1.099700      5.053200      0.859300 
P       -1.981700     -0.368400     -1.312100 
O        1.512800     -1.058800     -1.381200 
B        2.326600     -0.892900     -0.103500 
O        3.720400     -1.305100     -0.380300 
O        2.433400      0.601100      0.150300 
C        0.222100     -2.985000      3.142600 
C        0.564200     -3.688800      1.992600 
C        1.231000     -3.010900      0.972500 
C        1.570900     -1.651100      1.082500 
C        1.222300     -0.991300      2.273500 
C        0.541700     -1.643200      3.305000 
H        0.306600     -4.739700      1.913000 
H        1.503100     -3.552400      0.071000 
H        1.488500      0.054500      2.389700 
C       -1.539500     -1.626200     -2.631100 
C       -3.124800     -1.092600     -0.035600 
C       -2.977000      0.926200     -2.210900 
  
 381 
C       -4.403000     -1.712600     -0.615100 
H       -5.086200     -1.968800      0.201500 
H       -4.185800     -2.635800     -1.159100 
H       -4.933000     -1.034500     -1.289400 
C       -2.405800     -2.051100      0.923900 
H       -3.023000     -2.208000      1.814300 
H       -1.436700     -1.665400      1.242900 
H       -2.230400     -3.025800      0.467900 
C       -3.773400      1.857800     -1.287800 
H       -4.315500      2.585200     -1.901300 
H       -3.123400      2.407500     -0.606800 
H       -4.513700      1.315700     -0.694400 
C       -2.049900      1.713000     -3.147800 
H       -2.634200      2.416800     -3.749300 
H       -1.501300      1.060600     -3.833500 
H       -1.316800      2.282000     -2.570400 
C       -1.079200     -2.954800     -2.015500 
H       -0.598000     -3.559300     -2.790700 
H       -1.927500     -3.527300     -1.630400 
H       -0.355700     -2.803500     -1.215300 
C       -2.604300     -1.853700     -3.713700 
H       -2.225500     -2.591500     -4.429000 
H       -2.838700     -0.946600     -4.275600 
H       -3.534600     -2.249400     -3.298100 
H       -3.398800     -0.199200      0.537200 
H       -0.660700     -1.166800     -3.096900 
H       -3.695500      0.363800     -2.817900 
F       -0.442500     -3.628100      4.130800 
F       -2.286300      4.664600      3.132500 
H        0.266900     -1.133000      4.222200 
C        4.425500     -0.168600     -0.607800 
C        3.659900      0.976900     -0.319400 
C        5.730600     -0.046600     -1.060800 
H        6.321600     -0.930100     -1.277900 
C        6.251800      1.249100     -1.225000 
H        7.271100      1.367600     -1.580400 
C        4.162600      2.254700     -0.478400 
H        3.555600      3.122700     -0.241000 
C        5.485100      2.379100     -0.942600 
H        5.911000      3.368600     -1.077500 
H        1.989658     -0.638725     -2.098073 
Sum of electronic and zero-point Energies=          -1967.449218 
 Sum of electronic and thermal Energies=             -1967.424204 
 Sum of electronic and thermal Enthalpies=           -1967.423434 








Pd       0.208900     -0.370700     -0.126400 
C        3.658400     -3.178300     -1.776700 
C        3.564400     -1.881500     -2.266800 
C        2.578800     -1.034500     -1.751500 
C        1.711200     -1.490500     -0.756300 
C        1.811600     -2.805000     -0.289900 
C        2.792600     -3.659600     -0.801600 
H        4.248800     -1.549600     -3.040100 
H        2.492100     -0.025400     -2.139500 
H        1.135400     -3.172900      0.474600 
H        2.891700     -4.681600     -0.452100 
P        1.639800      0.772700      1.233800 
O       -2.429800     -0.533300      0.525000 
B       -2.356400     -0.368800     -0.976100 
O       -3.656600     -0.841600     -1.471500 
O       -1.234500     -1.249100     -1.487000 
C       -1.195900      3.776900     -1.954900 
C       -1.746100      3.506800     -0.709200 
C       -2.103100      2.188700     -0.413100 
C       -1.911800      1.139600     -1.330700 
C       -1.341700      1.470000     -2.576400 
C       -0.990000      2.778700     -2.902300 
H       -1.898400      4.316900     -0.003400 
H       -2.552700      1.963400      0.548200 
H       -1.174100      0.678900     -3.300900 
C        0.580400      1.882400      2.313500 
C        2.733300      1.870300      0.199400 
  
 383 
C        2.793300     -0.146100      2.376000 
C        3.680800      2.798600      0.970400 
H        4.420800      3.215900      0.279400 
H        3.138400      3.640600      1.407700 
H        4.225400      2.287900      1.768900 
C        1.895200      2.649700     -0.820800 
H        2.554200      3.197900     -1.502000 
H        1.255900      1.991700     -1.413700 
H        1.245400      3.382200     -0.334700 
C        4.022400     -0.729600      1.662900 
H        4.669400     -1.203800      2.408600 
H        3.741200     -1.488300      0.932300 
H        4.614100      0.034200      1.153800 
C        2.039000     -1.235600      3.151100 
H        2.726100     -1.742000      3.837000 
H        1.214700     -0.831400      3.742000 
H        1.628300     -1.984600      2.469600 
C        1.318200      2.527400      3.496700 
H        0.650000      3.244400      3.985000 
H        1.586700      1.776400      4.246000 
H        2.225400      3.060200      3.209800 
C       -0.686800      1.167500      2.813700 
H       -1.347900      1.902300      3.286000 
H       -1.248900      0.671300      2.021500 
H       -0.444100      0.416200      3.570600 
H        3.335100      1.138200     -0.349800 
H        0.266100      2.663600      1.610600 
H        3.142600      0.610400      3.088600 
F       -0.835300      5.046400     -2.252000 
F        4.615700     -3.995500     -2.264300 
H       -0.558100      3.036500     -3.863600 
C       -4.323700     -1.364300     -0.409400 
C       -3.593900     -1.197200      0.782100 
C       -5.557300     -1.995100     -0.403600 
C       -4.069900     -1.656300      1.996700 
C       -6.050400     -2.462100      0.828500 
C       -5.322600     -2.298200      2.005900 
H       -6.116400     -2.118500     -1.325100 
H       -7.015400     -2.959200      0.857900 
H       -5.724100     -2.667400      2.944700 
H       -3.493900     -1.518600      2.906600 
H       -1.428634     -2.173195     -1.325370 
Sum of electronic and zero-point Energies=          -1967.447349 
 Sum of electronic and thermal Energies=             -1967.423095 
 Sum of electronic and thermal Enthalpies=           -1967.422325 






Pd       0.369800      0.021200      0.494900 
C        4.585600     -1.929800     -0.570900 
C        3.557600     -1.959900     -1.504300 
C        2.352400     -1.321900     -1.198800 
C        2.174900     -0.669200      0.027700 
C        3.234900     -0.649300      0.942300 
C        4.445700     -1.284800      0.651700 
H        3.704100     -2.475600     -2.447300 
H        1.542200     -1.357000     -1.919000 
H        3.123800     -0.147000      1.897200 
H        5.270300     -1.287800      1.356800 
P        0.995300      2.171200      0.064700 
O       -1.708800      0.550300      0.914500 
B       -2.382100     -0.722100      0.369300 
O       -3.528900     -1.020300      1.246600 
C        0.706100     -3.902800      0.177300 
C       -0.034600     -3.592900     -0.965400 
C       -0.993200     -2.590700     -0.895000 
C       -1.244000     -1.880100      0.301800 
C       -0.469800     -2.241000      1.435100 
C        0.501300     -3.255600      1.381400 
H       -1.579600     -2.334600     -1.771500 
H       -0.679000     -1.778000      2.397100 
H        1.091200     -3.528200      2.249200 
C       -0.438500      2.921800     -0.862900 
C        2.621500      2.459100     -0.812200 
C        1.130200      3.154300      1.644100 
C        3.198000      3.877200     -0.687700 
  
 385 
H        4.164500      3.910800     -1.201700 
H        2.553700      4.626900     -1.152600 
H        3.372200      4.173600      0.349100 
C        2.556800      2.021200     -2.281600 
H        3.570600      1.989200     -2.693200 
H        2.122100      1.027100     -2.393100 
H        1.977800      2.728200     -2.881600 
C        2.250500      2.587900      2.527900 
H        2.376600      3.214900      3.416500 
H        1.992000      1.578200      2.861300 
H        3.214000      2.536500      2.014300 
C       -0.190900      3.192700      2.421100 
H       -0.060700      3.785600      3.332300 
H       -1.006600      3.636900      1.847000 
H       -0.491100      2.183900      2.717500 
C       -0.875000      2.086900     -2.076600 
H       -1.779200      2.535300     -2.501400 
H       -0.116100      2.063800     -2.860900 
H       -1.133100      1.066200     -1.790400 
C       -0.255300      4.403200     -1.216600 
H       -1.203800      4.806800     -1.586100 
H        0.049600      5.010300     -0.359200 
H        0.486100      4.535600     -2.009700 
O       -2.935200     -0.420400     -0.961600 
H        3.290600      1.765400     -0.292300 
H        1.391400      4.176500      1.347400 
H       -1.241700      2.817800     -0.126200 
H        0.161800     -4.135800     -1.884000 
F        1.652000     -4.859500      0.094600 
F        5.756200     -2.539800     -0.861000 
C       -4.638200     -0.695600      0.522500 
C       -4.282700     -0.330200     -0.789200 
C       -5.960200     -0.704100      0.932800 
C       -5.240600      0.042200     -1.716300 
C       -6.586100      0.038000     -1.304200 
C       -6.938700     -0.328300     -0.006300 
H       -6.223000     -0.992200      1.945400 
H       -7.983700     -0.325400      0.288900 
H       -7.358800      0.323500     -2.011800 
H       -4.954300      0.322300     -2.724900 
H       -1.967596      0.641756      1.832337 
Sum of electronic and zero-point Energies=          -1967.457310 
 Sum of electronic and thermal Energies=             -1967.432543 
 Sum of electronic and thermal Enthalpies=           -1967.431773 








Pd       0.378200      0.101900     -0.762900 
C        0.527900      4.849100     -0.604000 
C        1.495200      4.206200     -1.366600 
C        1.513900      2.807800     -1.395200 
C        0.570600      2.078600     -0.667200 
C       -0.405200      2.746500      0.084000 
C       -0.426500      4.143800      0.119300 
H        2.214200      4.794000     -1.927300 
H        2.267200      2.302600     -1.988500 
H       -1.151800      2.179200      0.632400 
H       -1.171300      4.682600      0.695200 
P        2.265900     -0.207400      0.497400 
O       -1.530600      0.307100     -1.730200 
B       -2.274000     -0.614000     -0.788600 
O       -2.413400      0.036600      0.557200 
C        0.212500     -4.270700     -0.533300 
C        0.273400     -3.513300     -1.689700 
C       -0.497500     -2.342600     -1.763300 
C       -1.334100     -1.933200     -0.701300 
C       -1.364300     -2.755300      0.445600 
C       -0.605600     -3.916200      0.540900 
H       -0.500000     -1.773000     -2.688300 
H       -2.000800     -2.462500      1.274100 
H       -0.630200     -4.549300      1.421800 
O       -3.652500     -0.846100     -1.248000 
H        0.900800     -3.838600     -2.512100 
F        0.973000     -5.383900     -0.433800 
  
 387 
F        0.514300      6.199100     -0.567700 
C        1.814500     -1.543200      1.716000 
C        0.603900     -1.169300      2.586800 
C        2.974600     -2.079400      2.564300 
H        1.481400     -2.340600      1.041000 
H       -0.198900     -0.705300      2.009100 
H        0.201100     -2.079300      3.041900 
H        0.885800     -0.492700      3.395600 
H        3.842600     -2.364900      1.964100 
H        3.297700     -1.344500      3.306800 
H        2.642900     -2.969800      3.108800 
C        2.975700      1.293700      1.360000 
C        4.412300      1.133000      1.878300 
C        2.052200      1.822000      2.466900 
H        2.980600      2.040000      0.559800 
H        5.124900      0.897600      1.084900 
H        4.731700      2.076800      2.333000 
H        4.488600      0.358400      2.645200 
H        1.006700      1.847500      2.157600 
H        2.135000      1.215500      3.372300 
H        2.348600      2.843400      2.725200 
C        3.700400     -0.885200     -0.483100 
C        4.122200      0.122700     -1.561800 
C        3.375800     -2.239600     -1.120000 
H        4.525100     -1.017000      0.226000 
H        4.378300      1.102400     -1.150100 
H        4.998400     -0.252800     -2.100100 
H        3.314300      0.258600     -2.287700 
H        3.100600     -3.002500     -0.388200 
H        2.548300     -2.143400     -1.825800 
H        4.250100     -2.604400     -1.669300 
C       -3.749100      0.222600      0.759700 
C       -4.482700     -0.308700     -0.316500 
C       -5.866100     -0.243800     -0.338000 
C       -4.375300      0.830500      1.833200 
C       -6.510400      0.369700      0.752400 
H       -7.594600      0.431400      0.760300 
C       -5.781500      0.897100      1.816900 
H       -6.301100      1.365200      2.647500 
H       -6.424400     -0.655100     -1.172300 
H       -3.795600      1.234800      2.657400 
H       -1.887521      1.195638     -1.700671 
Sum of electronic and zero-point Energies=          -1967.454794 
 Sum of electronic and thermal Energies=             -1967.430052 
 Sum of electronic and thermal Enthalpies=           -1967.429282 







Pd       0.453800     -0.219600     -0.403200 
C        1.791400      4.063100      1.255100 
C        1.505700      3.052000      2.162900 
C        1.121800      1.797900      1.676400 
C        1.027500      1.557000      0.300100 
C        1.305400      2.604900     -0.587300 
C        1.694200      3.861900     -0.115900 
H        1.580200      3.249700      3.227200 
H        0.892500      1.009600      2.385300 
H        1.209500      2.452400     -1.657500 
H        1.912300      4.679800     -0.794600 
P        2.561800     -1.176900     -0.037300 
O       -0.745400     -2.058000     -1.176600 
B       -1.893500     -1.460500     -0.565100 
O       -3.156900     -1.571900     -1.217800 
C       -3.200600      2.792400     -1.219000 
C       -3.049600      2.347500      0.089500 
C       -2.213600      1.258800      0.324000 
C       -1.541700      0.588600     -0.719900 
C       -1.731600      1.093000     -2.026800 
C       -2.554000      2.183800     -2.291700 
H       -2.085900      0.907100      1.342700 
H       -1.235000      0.610000     -2.866600 
H       -2.706100      2.567100     -3.295100 
C        2.427000     -2.433200      1.339100 
C        3.947300     -0.036700      0.487300 
C        3.050500     -2.172500     -1.541100 
  
 389 
C        4.430200      0.831900     -0.682900 
H        5.075100      1.630400     -0.302100 
H        5.016000      0.248100     -1.398900 
H        3.597000      1.302600     -1.208500 
C        5.124600     -0.695600      1.218500 
H        5.836000      0.080000      1.522900 
H        4.812000     -1.223300      2.122700 
H        5.662700     -1.402500      0.582200 
C        4.408100     -2.879000     -1.454800 
H        4.523600     -3.572600     -2.295100 
H        5.232500     -2.162600     -1.507000 
H        4.516800     -3.454700     -0.531400 
C        2.900200     -1.364600     -2.839300 
H        2.984000     -2.032200     -3.703900 
H        1.928600     -0.862700     -2.881300 
H        3.672500     -0.598700     -2.935900 
C        1.495000     -3.593200      0.960900 
H        1.369100     -4.252800      1.826100 
H        0.507400     -3.229000      0.666600 
H        1.895700     -4.199000      0.143800 
C        1.911600     -1.733500      2.605900 
H        1.890800     -2.441000      3.441400 
H        2.530800     -0.882000      2.902700 
H        0.891500     -1.372600      2.441400 
O       -2.050900     -1.700000      0.834400 
H        3.435300      0.629800      1.190200 
H        2.263300     -2.936100     -1.551700 
H        3.431100     -2.830500      1.528500 
H       -3.576500      2.854100      0.891000 
F       -4.004900      3.847700     -1.461200 
F        2.170900      5.277300      1.718000 
C       -4.072100     -1.603800     -0.197000 
C       -3.407100     -1.687000      1.035900 
C       -5.452000     -1.561300     -0.275000 
C       -4.099200     -1.732200      2.232300 
C       -5.502200     -1.693500      2.162400 
C       -6.163700     -1.609800      0.935700 
H       -5.954700     -1.490600     -1.233200 
H       -7.248500     -1.577400      0.913200 
H       -6.079200     -1.725700      3.081300 
H       -3.573900     -1.794200      3.179300 
H       -0.830039     -2.030217     -2.130449 
Sum of electronic and zero-point Energies=          -1967.433896 
 Sum of electronic and thermal Energies=             -1967.409170 
 Sum of electronic and thermal Enthalpies=           -1967.408400 






Pd      -0.612800     -0.284700     -0.495800 
C       -4.753900     -2.753600     -0.720100 
C       -4.596600     -1.658400     -1.560800 
C       -3.439200     -0.883100     -1.444000 
C       -2.441700     -1.189300     -0.504700 
C       -2.642900     -2.306100      0.322900 
C       -3.793700     -3.095700      0.222800 
H       -5.367600     -1.428700     -2.289200 
H       -3.318700     -0.026900     -2.101900 
H       -1.898100     -2.568500      1.071900 
H       -3.953900     -3.957600      0.862500 
P       -1.405100      1.540000      0.591100 
O        0.460400     -2.109400     -1.331400 
B        1.635300     -1.756700     -0.617200 
O        1.705700     -2.006700      0.786200 
C        3.537100      2.151200     -1.564100 
C        2.699000      1.631300     -2.546200 
C        1.678400      0.768800     -2.151300 
C        1.469300      0.404700     -0.801100 
C        2.361100      0.955300      0.140800 
C        3.392200      1.822900     -0.221900 
H        1.032200      0.350300     -2.920000 
H        2.275400      0.674300      1.185200 
H        4.084200      2.232200      0.506700 
O        2.915600     -1.932000     -1.196300 
H        2.857900      1.904600     -3.584200 
F        4.528100      2.992400     -1.929100 
F       -5.874200     -3.505800     -0.822500 
  
 391 
C       -0.266800      1.948700      2.010100 
C        0.096800      0.712800      2.847400 
C       -0.715200      3.125100      2.886400 
H        0.638800      2.245900      1.472600 
H        0.396200     -0.127700      2.216000 
H        0.933300      0.958400      3.511200 
H       -0.735500      0.386400      3.474200 
H       -0.953700      4.016600      2.299200 
H       -1.590600      2.869100      3.489100 
H        0.091100      3.391200      3.578400 
C       -3.170300      1.402700      1.211900 
C       -3.898200      2.727600      1.482900 
C       -3.267400      0.461800      2.420600 
H       -3.671800      0.906000      0.377400 
H       -3.998900      3.340400      0.584100 
H       -4.910900      2.505800      1.837200 
H       -3.406800      3.327700      2.252400 
H       -2.718100     -0.466500      2.258100 
H       -2.891300      0.939600      3.329500 
H       -4.316300      0.200800      2.593500 
C       -1.426100      3.072600     -0.475500 
C       -2.193600      2.769700     -1.770000 
C       -0.031300      3.632400     -0.774500 
H       -1.981000      3.824500      0.096000 
H       -3.200300      2.387800     -1.576300 
H       -2.288800      3.679000     -2.372600 
H       -1.658200      2.021100     -2.362300 
H        0.486600      3.960200      0.129900 
H        0.596200      2.898200     -1.279800 
H       -0.129600      4.504200     -1.430500 
C        3.050300     -2.073500      1.063700 
C        3.777100     -2.018500     -0.134000 
C        5.160000     -2.048900     -0.142500 
C        3.673300     -2.163000      2.294700 
C        5.803800     -2.142000      1.102400 
H        6.888400     -2.167800      1.135700 
C        5.077800     -2.198100      2.294700 
H        5.605800     -2.267900      3.240500 
H        5.713700     -1.999000     -1.073200 
H        3.097600     -2.203000      3.213000 
H        0.011315     -2.865169     -0.950743 
Sum of electronic and zero-point Energies=          -1967.431429 
 Sum of electronic and thermal Energies=             -1967.406278 
 Sum of electronic and thermal Enthalpies=           -1967.405508 








Pd      -0.460200      0.035500      0.435700 
C       -2.768900      3.976600     -0.976400 
C       -1.929100      3.322700     -1.868400 
C       -1.209400      2.210100     -1.423600 
C       -1.339000      1.738600     -0.110800 
C       -2.176100      2.438900      0.768100 
C       -2.899600      3.557500      0.341000 
H       -1.840000      3.687200     -2.886500 
H       -0.541600      1.709500     -2.117700 
H       -2.279200      2.115300      1.798100 
H       -3.552800      4.102400      1.014800 
P       -2.433500     -1.324500      0.148800 
O        0.867100     -1.877200      1.150500 
B        2.063500     -1.687300      0.502300 
O        3.265000     -1.409500      1.132900 
C        3.785400      2.239100      1.018600 
C        3.365600      1.918900     -0.265100 
C        2.084200      1.387800     -0.433800 
C        1.228700      1.157500      0.655800 
C        1.683900      1.534900      1.930000 
C        2.961600      2.068800      2.123600 
H        1.764300      1.124500     -1.438200 
H        1.039400      1.408400      2.797200 
H        3.322900      2.348900      3.108100 
C       -2.011600     -2.974800     -0.628000 
C       -3.804500     -0.481300     -0.810500 
C       -3.243400     -1.784600      1.771700 
  
 393 
C       -5.222500     -1.036700     -0.626000 
H       -5.928600     -0.419000     -1.192300 
H       -5.314400     -2.061500     -0.994400 
H       -5.545400     -1.023000      0.417700 
C       -3.446600     -0.360900     -2.298400 
H       -4.118000      0.357400     -2.779900 
H       -2.424900     -0.004400     -2.441400 
H       -3.560500     -1.318700     -2.814700 
C       -3.595500     -0.503600      2.542000 
H       -4.123300     -0.751500      3.469400 
H       -2.682500      0.040500      2.803700 
H       -4.228700      0.175000      1.964900 
C       -2.333800     -2.679600      2.622600 
H       -2.796200     -2.861800      3.598800 
H       -2.146400     -3.650900      2.158400 
H       -1.367300     -2.195800      2.798100 
C       -1.101600     -2.813700     -1.856100 
H       -0.718600     -3.794600     -2.159400 
H       -1.638800     -2.392100     -2.708400 
H       -0.244700     -2.171400     -1.640700 
C       -3.194100     -3.907800     -0.911500 
H       -2.828700     -4.899700     -1.201000 
H       -3.844300     -4.035000     -0.041000 
H       -3.805000     -3.532400     -1.737400 
O        2.193200     -1.821600     -0.869900 
H       -3.773700      0.531800     -0.393400 
H       -4.165000     -2.335600      1.552600 
H       -1.391500     -3.426600      0.155700 
H        4.042000      2.058900     -1.101700 
F        5.037500      2.726400      1.199300 
F       -3.473800      5.053400     -1.400200 
C        4.171900     -1.271400      0.095500 
C        3.523200     -1.521800     -1.116000 
C        5.501900     -0.906600      0.155100 
C        4.174500     -1.421100     -2.329700 
C        5.529100     -1.053700     -2.284500 
C        6.176600     -0.801900     -1.071100 
H        5.985100     -0.689000      1.100200 
H        7.221900     -0.511000     -1.074500 
H        6.081300     -0.958800     -3.213700 
H        3.658100     -1.607700     -3.264300 
H        0.955797     -1.690490      2.085934 
Sum of electronic and zero-point Energies=          -1967.449283 
 Sum of electronic and thermal Energies=             -1967.424072 
 Sum of electronic and thermal Enthalpies=           -1967.423302 







Pd      -0.580400     -0.078000     -0.498600 
C       -3.993100     -3.588200     -0.260600 
C       -4.209700     -2.566400     -1.177900 
C       -3.303300     -1.504100     -1.229800 
C       -2.183500     -1.426700     -0.381700 
C       -2.013800     -2.494200      0.526900 
C       -2.901800     -3.576200      0.595900 
H       -5.070700     -2.617400     -1.837200 
H       -3.483200     -0.722000     -1.962300 
H       -1.178000     -2.481100      1.226500 
H       -2.763600     -4.388800      1.302100 
P       -1.718700      1.619800      0.438000 
O        0.497000     -2.009100     -1.389400 
B        1.713100     -2.003300     -0.758300 
O        1.917500     -2.346800      0.575500 
C        3.847500      1.913900     -0.695300 
C        3.073500      1.894300     -1.848700 
C        1.761900      1.418200     -1.767000 
C        1.212400      0.958900     -0.558700 
C        2.034400      1.015600      0.581000 
C        3.350100      1.486600      0.527400 
H        1.168300      1.385800     -2.678000 
H        1.658100      0.658100      1.536600 
H        3.994400      1.491200      1.400200 
O        2.886500     -1.651800     -1.400500 
H        3.502900      2.233800     -2.786100 
F        5.129800      2.347500     -0.769900 
  
 395 
F       -4.868000     -4.619100     -0.203400 
C       -0.740000      3.212200      0.618400 
C       -1.237800      4.201500      1.682200 
C       -0.543500      3.908600     -0.734600 
H        0.239500      2.839800      0.929900 
H       -1.196700      3.784800      2.691300 
H       -0.589400      5.084400      1.671600 
H       -2.258600      4.543800      1.495000 
H       -0.217400      3.209200     -1.505400 
H       -1.459600      4.405000     -1.067100 
H        0.231100      4.675900     -0.636900 
C       -2.273600      1.250900      2.183200 
C       -1.070400      0.732600      2.983900 
C       -3.464400      0.291000      2.279900 
H       -2.584800      2.214400      2.600200 
H       -0.225800      1.427700      2.959800 
H       -1.351400      0.580100      4.031200 
H       -0.727200     -0.222800      2.575700 
H       -4.359900      0.693500      1.799800 
H       -3.240600     -0.675200      1.827700 
H       -3.704400      0.128100      3.336400 
C       -3.285600      1.934900     -0.521800 
C       -3.035700      2.022000     -2.034800 
C       -4.131000      3.109000     -0.013000 
H       -3.833500      1.004100     -0.342100 
H       -2.375900      1.218400     -2.373400 
H       -3.987900      1.937300     -2.569700 
H       -2.579400      2.972200     -2.318600 
H       -4.324400      3.049700      1.061700 
H       -3.649500      4.068500     -0.219700 
H       -5.100000      3.112800     -0.523900 
C        3.266400     -2.110500      0.785900 
C        3.848900     -1.687500     -0.411600 
C        5.183000     -1.339900     -0.493900 
C        3.988800     -2.207800      1.959200 
C        5.929400     -1.433500      0.690600 
H        6.980000     -1.162900      0.674600 
C        5.346900     -1.857400      1.889100 
H        5.954100     -1.915200      2.786700 
H        5.616000     -0.988400     -1.422800 
H        3.523600     -2.529800      2.884000 
H       -0.181140     -2.537581     -0.966792 
Sum of electronic and zero-point Energies=          -1967.443963 
 Sum of electronic and thermal Energies=             -1967.419396 
 Sum of electronic and thermal Enthalpies=           -1967.418626 







Pd      -0.274600     -0.311800     -0.682300 
C       -3.673900     -2.850200      1.498500 
C       -2.583000     -2.415900      2.241300 
C       -1.613700     -1.625400      1.616700 
C       -1.733800     -1.273800      0.265600 
C       -2.844200     -1.733700     -0.454900 
C       -3.820700     -2.526600      0.155800 
H       -2.499100     -2.698700      3.285400 
H       -0.757900     -1.291800      2.193300 
H       -2.957900     -1.480300     -1.505100 
H       -4.683600     -2.890000     -0.392300 
P       -1.088800      1.704500     -0.052700 
O        1.518500      0.326600     -1.794800 
B        2.230900     -1.010500     -1.444500 
O        2.847500     -1.587400     -2.606100 
O        1.078100     -1.964500     -1.105800 
C        4.543000      0.031800      2.143700 
C        4.915700      0.573400      0.918600 
C        4.197100      0.202800     -0.218300 
C        3.123000     -0.699800     -0.157200 
C        2.796100     -1.228400      1.101100 
C        3.493700     -0.870000      2.258000 
H        5.746200      1.270100      0.873100 
H        4.472600      0.635500     -1.176300 
H        1.972600     -1.932700      1.172900 
C        0.086200      2.424600      1.206400 
C       -2.777000      1.782900      0.744100 
  
 397 
C       -0.969900      2.839900     -1.527300 
C       -3.898700      1.604900     -0.288000 
H       -4.844700      1.422500      0.231600 
H       -4.025500      2.503200     -0.898800 
H       -3.714500      0.755000     -0.947000 
C       -3.028400      3.007700      1.634400 
H       -4.034700      2.936800      2.061300 
H       -2.324900      3.067100      2.467700 
H       -2.974600      3.944900      1.074700 
C       -1.392100      4.289700     -1.259800 
H       -1.132300      4.915600     -2.120200 
H       -2.472800      4.369600     -1.111800 
H       -0.895400      4.711600     -0.381700 
C       -1.650200      2.261100     -2.776700 
H       -1.360900      2.846600     -3.655900 
H       -1.351900      1.221600     -2.942000 
H       -2.739300      2.290500     -2.703000 
C        1.469300      2.723000      0.610000 
H        2.148500      3.023200      1.414300 
H        1.897100      1.845600      0.121700 
H        1.437200      3.539700     -0.116300 
C        0.210100      1.468100      2.401900 
H        0.784700      1.949000      3.199700 
H       -0.760000      1.174900      2.813800 
H        0.747900      0.563800      2.103900 
H       -2.772000      0.890200      1.377900 
H       -0.364800      3.364800      1.544500 
H        0.109900      2.814800     -1.713800 
F        5.223700      0.396000      3.257400 
F       -4.619200     -3.608500      2.099100 
H        3.240200     -1.275800      3.232000 
C        1.883300     -2.394400     -3.256200 
C        1.019900     -2.967000     -2.122300 
H       -0.017600     -3.159400     -2.412100 
H        1.453200     -3.892400     -1.723000 
H        1.259800     -1.800100     -3.949800 
H        2.380300     -3.173600     -3.843800 
H        1.340833      0.334527     -2.736148 
Sum of electronic and zero-point Energies=          -1815.023732 
 Sum of electronic and thermal Energies=             -1815.000383 
 Sum of electronic and thermal Enthalpies=           -1814.999613 








Pd       0.292900     -0.126400     -0.870700 
C        3.587200      3.298600     -0.491700 
C        2.305800      3.491000      0.010500 
C        1.383200      2.446300     -0.081400 
C        1.738900      1.222000     -0.664300 
C        3.037000      1.061800     -1.163500 
C        3.969300      2.101900     -1.083300 
H        2.043100      4.442700      0.460400 
H        0.378900      2.592600      0.303400 
H        3.338200      0.126200     -1.621300 
H        4.976700      1.993200     -1.471200 
P        1.182100     -1.430400      0.765400 
O       -1.614500     -1.169500     -1.288200 
B       -2.263400      0.178900     -1.731400 
O       -3.053800     -0.180600     -2.873700 
O       -1.061200      1.054000     -2.098000 
C       -4.210100      1.777900      1.865200 
C       -4.653400      0.577300      1.319900 
C       -4.047000      0.115600      0.152700 
C       -3.013600      0.825100     -0.480000 
C       -2.618000      2.040000      0.098400 
C       -3.203200      2.526100      1.271100 
H       -5.451700      0.030600      1.811100 
H       -4.379100     -0.826000     -0.276500 
H       -1.834300      2.615200     -0.384300 
C       -0.315300     -2.025400      1.711600 
C        2.460200     -0.664600      1.893700 
  
 399 
C        2.000100     -2.976300      0.118300 
C        3.278900     -1.659600      2.728700 
H        4.011600     -1.104700      3.324300 
H        2.653100     -2.225100      3.423500 
H        3.833100     -2.371900      2.113300 
C        1.855500      0.431100      2.782700 
H        2.662200      1.033900      3.211400 
H        1.201600      1.100700      2.222700 
H        1.288000     -0.000600      3.611100 
C        3.218700     -2.613300     -0.741200 
H        3.738300     -3.524300     -1.055800 
H        2.898500     -2.080000     -1.641400 
H        3.938300     -1.982500     -0.213100 
C        1.022100     -3.839700     -0.685200 
H        1.536200     -4.732600     -1.056200 
H        0.164900     -4.169500     -0.093800 
H        0.645100     -3.285000     -1.548000 
C       -1.188100     -0.876600      2.241700 
H       -2.170600     -1.270400      2.517400 
H       -0.754000     -0.413000      3.129500 
H       -1.353400     -0.104400      1.489000 
C       -0.022100     -3.063800      2.801300 
H       -0.965900     -3.473500      3.176400 
H        0.582100     -3.901400      2.441200 
H        0.495200     -2.610600      3.651600 
H        3.131100     -0.172700      1.182000 
H       -0.888500     -2.496100      0.904600 
H        2.335500     -3.543500      0.993800 
F       -4.782100      2.230200      3.006900 
F        4.487200      4.303900     -0.401100 
H       -2.896900      3.464600      1.721600 
C       -2.480600     -1.330100     -3.461700 
C       -1.938200     -2.144900     -2.279200 
H       -2.709000     -2.813900     -1.873200 
H       -1.064200     -2.746500     -2.546100 
H       -3.236000     -1.875000     -4.038300 
H       -1.659700     -1.066700     -4.153300 
H       -0.892184      1.005866     -3.039743 
Sum of electronic and zero-point Energies=          -1815.023385 
 Sum of electronic and thermal Energies=             -1814.999824 
 Sum of electronic and thermal Enthalpies=           -1814.999054 







Pd      -0.001100     -0.466200     -0.166400 
C        0.834400      4.021400     -1.451700 
C        0.864600      3.700200     -0.100400 
C        0.531900      2.399700      0.289300 
C        0.183800      1.437600     -0.664900 
C        0.162000      1.789700     -2.019300 
C        0.492000      3.087000     -2.421900 
H        1.152100      4.454000      0.624800 
H        0.576300      2.136200      1.340200 
H       -0.094100      1.050100     -2.772000 
H        0.488300      3.376400     -3.467400 
P       -2.169800     -0.159500      0.402700 
O        1.495300     -1.978600     -1.669000 
B        1.699500     -2.436600     -0.278500 
O        2.343400     -3.726300     -0.357000 
O        0.307600     -2.576300      0.386500 
C        3.441400      1.083800      1.769900 
C        3.674200      0.902200      0.413400 
C        3.137000     -0.225100     -0.207000 
C        2.378100     -1.183200      0.499200 
C        2.176700     -0.944000      1.878800 
C        2.704200      0.174600      2.522700 
H        4.240100      1.645600     -0.137200 
H        3.274200     -0.367000     -1.273300 
H        1.589600     -1.655800      2.450900 
C       -2.975300      1.483500      0.017000 
C       -2.321800     -0.358500      2.251900 
C       -3.148700     -1.574900     -0.322400 
  
 401 
C       -1.406700      0.661200      2.946400 
H       -1.555300      0.614800      4.030100 
H       -0.357800      0.434800      2.733600 
H       -1.601100      1.688700      2.625400 
C       -1.988400     -1.788500      2.701300 
H       -1.935800     -1.821800      3.794600 
H       -2.755900     -2.503400      2.391400 
H       -1.028400     -2.121300      2.296700 
C       -2.872100     -1.772900     -1.820700 
H       -3.308400     -2.722100     -2.150300 
H       -3.313800     -0.978800     -2.426400 
H       -1.797800     -1.796300     -2.026100 
C       -4.649200     -1.549800     -0.004200 
H       -5.110500     -2.490100     -0.324800 
H       -4.844900     -1.432200      1.065500 
H       -5.156700     -0.739500     -0.534300 
C       -4.189100      1.849900      0.882600 
H       -4.544800      2.843800      0.590300 
H       -5.020500      1.152900      0.750900 
H       -3.944700      1.892200      1.946500 
C       -3.297100      1.614000     -1.477900 
H       -3.548100      2.654800     -1.705700 
H       -2.447500      1.334100     -2.102300 
H       -4.156800      0.998300     -1.756600 
H       -3.363800     -0.137300      2.509600 
H       -2.169200      2.190000      0.239400 
H       -2.702400     -2.429700      0.199200 
F        3.933700      2.185300      2.379800 
F        1.146900      5.280300     -1.835300 
H        2.551800      0.356200      3.581500 
C        1.602900     -3.128800     -2.491900 
H        1.946500     -2.850800     -3.494400 
H        0.628600     -3.639900     -2.595700 
C        2.598300     -4.009200     -1.720100 
H        3.632300     -3.738900     -1.989300 
H        2.465000     -5.079900     -1.920900 
H       -0.175365     -3.254455     -0.087435 
Sum of electronic and zero-point Energies=          -1815.013563 
 Sum of electronic and thermal Energies=             -1814.989900 
 Sum of electronic and thermal Enthalpies=           -1814.989130 






Pd       0.033900      0.019300     -0.816400 
C       -3.690800     -2.899100     -0.432500 
C       -2.888400     -2.688000      0.681800 
C       -1.816400     -1.796400      0.583700 
C       -1.563300     -1.128500     -0.617300 
C       -2.373300     -1.370400     -1.731100 
C       -3.447000     -2.261400     -1.642900 
H       -3.100600     -3.218200      1.604100 
H       -1.173300     -1.646100      1.442800 
H       -2.178100     -0.870900     -2.673900 
H       -4.088400     -2.462200     -2.494300 
P       -1.009400      1.685300      0.330700 
O        2.522600      0.698800     -1.542000 
B        2.501000     -0.792000     -1.440900 
O        3.600100     -1.249800     -2.265300 
O        1.179600     -1.321100     -2.022900 
C        2.492700     -1.783400      2.867600 
C        3.216600     -0.686100      2.417600 
C        3.183000     -0.380700      1.056200 
C        2.444600     -1.143000      0.133300 
C        1.742400     -2.251900      0.643000 
C        1.751900     -2.578000      2.001000 
H        3.787100     -0.094600      3.126400 
H        3.745500      0.473400      0.691700 
H        1.169300     -2.867100     -0.043300 
C        0.090600      3.177200      0.035000 
C       -1.224600      1.329000      2.145600 
C       -2.693600      2.232300     -0.258800 
C       -1.700300      2.522400      2.984000 
  
 403 
H       -1.964900      2.181000      3.990300 
H       -0.909000      3.269200      3.091300 
H       -2.579600      3.014700      2.558700 
C        0.010300      0.652200      2.753900 
H       -0.241900      0.241700      3.737200 
H        0.378900     -0.162600      2.129400 
H        0.835800      1.352000      2.891000 
C       -3.837800      1.311400      0.187200 
H       -4.782300      1.704100     -0.204900 
H       -3.712900      0.296200     -0.190000 
H       -3.930200      1.266300      1.275000 
C       -2.671800      2.402100     -1.784300 
H       -3.633600      2.794700     -2.130300 
H       -1.889900      3.091400     -2.115700 
H       -2.499500      1.439900     -2.272200 
C        1.450500      3.024100      0.732200 
H        2.128400      3.803400      0.368800 
H        1.357700      3.147900      1.814500 
H        1.913700      2.059500      0.519300 
C       -0.539500      4.546800      0.323900 
H        0.184100      5.329900      0.073400 
H       -1.437200      4.731300     -0.270900 
H       -0.798500      4.664300      1.378600 
H       -2.025300      0.579900      2.124800 
H        0.273800      3.108000     -1.044800 
H       -2.857500      3.214400      0.199400 
F        2.503500     -2.082400      4.189100 
F       -4.734300     -3.751800     -0.338700 
H        1.205900     -3.431200      2.390200 
C        4.255900     -0.125300     -2.815000 
H        5.146400      0.139100     -2.221500 
H        4.582300     -0.333200     -3.841900 
C        3.219000      1.005900     -2.739000 
H        2.545900      0.979300     -3.613400 
H        3.658900      2.007400     -2.676200 
H        1.159643     -1.192226     -2.971982 
Sum of electronic and zero-point Energies=          -1815.012020 
 Sum of electronic and thermal Energies=             -1814.988424 
 Sum of electronic and thermal Enthalpies=           -1814.987654 







Pd      -0.222200     -0.088900      0.401400 
C        4.481100     -0.116100     -0.415300 
C        3.603000     -0.457400     -1.435400 
C        2.228700     -0.378800     -1.194700 
C        1.735500      0.031000      0.051400 
C        2.650300      0.376100      1.054500 
C        4.028300      0.299400      0.830500 
H        3.994200     -0.781200     -2.394100 
H        1.541700     -0.662400     -1.984500 
H        2.299300      0.694300      2.030000 
H        4.745400      0.551200      1.604800 
P       -0.501800      2.146100      0.070500 
O       -2.346500     -0.479700      0.670500 
B       -2.370800     -1.924900      0.063600 
O       -3.342800     -2.680400      0.833200 
C        1.793800     -3.479700      0.237800 
C        1.111600     -3.468400     -0.980500 
C       -0.182200     -2.966400     -1.021100 
C       -0.832600     -2.473100      0.135200 
C       -0.094400     -2.514800      1.346500 
C        1.215200     -3.021200      1.406600 
H       -0.733100     -2.946700     -1.955800 
H       -0.573700     -2.210700      2.274600 
H        1.775300     -3.050100      2.334400 
C       -2.097100      2.325100     -0.879800 
C        0.894700      3.093500     -0.734800 
C       -0.796300      3.025000      1.690700 
C        0.872400      4.613800     -0.520300 
  
 405 
H        1.752400      5.052500     -1.002800 
H       -0.011000      5.079900     -0.962900 
H        0.910200      4.890000      0.535800 
C        1.023700      2.748300     -2.224500 
H        1.975800      3.132800     -2.603800 
H        1.009400      1.671000     -2.395500 
H        0.222900      3.207000     -2.810800 
C        0.432900      2.881500      2.598600 
H        0.300300      3.481500      3.504800 
H        0.555700      1.836700      2.899100 
H        1.359500      3.201600      2.115400 
C       -2.050500      2.511600      2.408300 
H       -2.163800      3.033900      3.364100 
H       -2.962200      2.674100      1.829600 
H       -1.965300      1.441500      2.617400 
C       -2.160400      1.428200     -2.126200 
H       -3.142100      1.555400     -2.596000 
H       -1.405300      1.691800     -2.869500 
H       -2.063700      0.371400     -1.867400 
C       -2.486700      3.776900     -1.186300 
H       -3.511100      3.804100     -1.572600 
H       -2.449600      4.422100     -0.303400 
H       -1.839000      4.211400     -1.953000 
O       -2.834200     -1.854000     -1.305700 
H        1.774100      2.683400     -0.227600 
H       -0.941500      4.084100      1.448600 
H       -2.812000      1.897200     -0.169400 
H        1.611800     -3.841800     -1.868000 
F        3.058900     -3.947300      0.266800 
F        5.812600     -0.185500     -0.641200 
C       -4.405300     -3.020100     -0.043200 
C       -4.232100     -2.076700     -1.246600 
H       -4.771800     -1.130300     -1.076800 
H       -4.587300     -2.508800     -2.189700 
H       -4.318900     -4.072500     -0.357000 
H       -5.374600     -2.895100      0.456900 
H       -2.655137     -0.562936      1.573594 
Sum of electronic and zero-point Energies=          -1815.022193 
 Sum of electronic and thermal Energies=             -1814.998594 
 Sum of electronic and thermal Enthalpies=           -1814.997824 







Pd      -0.121900      0.266900     -0.630500 
C       -4.814200      0.960800     -0.313900 
C       -4.373100      0.039600     -1.255600 
C       -3.003000     -0.228300     -1.348400 
C       -2.100400      0.424900     -0.505500 
C       -2.565700      1.363000      0.425800 
C       -3.933800      1.631400      0.526900 
H       -5.092100     -0.452200     -1.902300 
H       -2.654900     -0.947100     -2.081400 
H       -1.856100      1.885800      1.062000 
H       -4.318300      2.349700      1.243300 
P       -0.161500     -1.846600      0.256100 
O        0.449800      2.739800      1.147600 
B        1.043400      2.721500     -0.206200 
O        1.497600      4.070100     -0.474100 
O        0.014100      2.299100     -1.260200 
C        4.206700     -0.390500     -0.477800 
C        3.978700      0.258100      0.737200 
C        2.964600      1.206800      0.805100 
C        2.167200      1.539000     -0.311900 
C        2.447100      0.857600     -1.518100 
C        3.467600     -0.102400     -1.611100 
H        4.591400      0.006400      1.596900 
H        2.763800      1.712500      1.743800 
H        1.901400      1.131400     -2.416700 
C       -1.773700     -2.430200      1.006700 
C        1.219500     -1.881600      1.506700 
C        0.255600     -3.170700     -0.989900 
  
 407 
C        1.530500     -3.256400      2.111100 
H        2.461200     -3.197200      2.685500 
H        0.742800     -3.576900      2.798600 
H        1.660700     -4.033300      1.352900 
C        1.057800     -0.808400      2.595600 
H        2.020200     -0.664700      3.096600 
H        0.750000      0.156800      2.186400 
H        0.333200     -1.112700      3.353300 
C        1.651900     -2.978400     -1.589000 
H        1.858400     -3.783500     -2.302200 
H        1.713200     -2.028100     -2.123100 
H        2.445100     -2.987300     -0.837900 
C       -0.802600     -3.193100     -2.102200 
H       -0.582500     -3.998700     -2.810300 
H       -1.814700     -3.351800     -1.720800 
H       -0.790600     -2.247400     -2.653400 
C       -2.144900     -1.647800      2.274500 
H       -3.205400     -1.804000      2.496000 
H       -1.572500     -1.999300      3.136600 
H       -1.983200     -0.575300      2.160900 
C       -1.877000     -3.943000      1.249000 
H       -2.868400     -4.169700      1.655800 
H       -1.760500     -4.527200      0.333600 
H       -1.138300     -4.294800      1.973200 
H        2.071100     -1.574200      0.888100 
H       -2.500100     -2.156000      0.235700 
H        0.230400     -4.124900     -0.452200 
F        5.173700     -1.335000     -0.542000 
F       -6.138200      1.213900     -0.215500 
H        3.692800     -0.610900     -2.542200 
C        1.437500      4.802200      0.731300 
C        0.346700      4.096400      1.548800 
H       -0.648600      4.505700      1.302900 
H        0.488600      4.185800      2.632900 
H        2.402600      4.763400      1.265600 
H        1.207600      5.855900      0.529200 
H       -0.798314      2.796286     -1.157471 
Sum of electronic and zero-point Energies=          -1815.018526 
 Sum of electronic and thermal Energies=             -1814.995039 
 Sum of electronic and thermal Enthalpies=           -1814.994269 







Pd      -0.042700     -0.383700      0.242700 
C       -0.004800      4.296300     -0.751200 
C        0.143700      3.375500     -1.780600 
C        0.127200      2.012600     -1.471700 
C       -0.045000      1.569900     -0.153600 
C       -0.181800      2.526800      0.859500 
C       -0.163200      3.895100      0.568600 
H        0.275200      3.726300     -2.799000 
H        0.257700      1.292000     -2.273400 
H       -0.302700      2.215400      1.891500 
H       -0.264900      4.643300      1.348000 
P       -2.366300     -0.467700      0.239700 
O        0.372900     -2.549200      0.514100 
B        1.622900     -2.334400     -0.198500 
O        2.720000     -3.095800      0.251100 
C        4.437900      1.101800      0.791800 
C        4.012100      0.942000     -0.523000 
C        2.866100      0.185500     -0.756200 
C        2.143700     -0.430300      0.285400 
C        2.627100     -0.229900      1.597100 
C        3.766700      0.525300      1.865600 
H        2.521400      0.047000     -1.776500 
H        2.110900     -0.692100      2.436400 
H        4.140900      0.674200      2.873100 
C       -2.847100     -2.040900     -0.648900 
C       -3.300400      1.000200     -0.444000 
C       -3.028300     -0.676100      1.975400 
C       -4.764000      1.131900     -0.000200 
  
 409 
H       -5.185300      2.050300     -0.423700 
H       -5.376600      0.297500     -0.350500 
H       -4.868800      1.197000      1.084900 
C       -3.177000      1.080000     -1.971900 
H       -3.500500      2.068600     -2.313100 
H       -2.148300      0.935700     -2.304700 
H       -3.811100      0.335700     -2.461800 
C       -2.647400      0.547200      2.822000 
H       -3.101500      0.472800      3.815900 
H       -1.561500      0.594100      2.947600 
H       -2.969300      1.490900      2.374400 
C       -2.496500     -1.957500      2.629300 
H       -2.850300     -2.020300      3.663800 
H       -2.823800     -2.861700      2.110800 
H       -1.402000     -1.952000      2.649300 
C       -2.128700     -2.188700     -2.000100 
H       -2.347800     -3.179300     -2.413800 
H       -2.465400     -1.446600     -2.727100 
H       -1.044700     -2.105200     -1.892400 
C       -4.355900     -2.288600     -0.764300 
H       -4.537200     -3.299700     -1.145200 
H       -4.870500     -2.200300      0.197300 
H       -4.822000     -1.588800     -1.463800 
O        1.533400     -2.348800     -1.610500 
H       -2.734200      1.841100     -0.028500 
H       -4.120600     -0.743400      1.911400 
H       -2.414900     -2.803000      0.009700 
H        4.571400      1.410200     -1.326300 
F        5.545900      1.833300      1.034100 
F        0.006400      5.618900     -1.042200 
C        3.599500     -3.185600     -0.864800 
C        2.664900     -3.076800     -2.087700 
H        2.344000     -4.067200     -2.439100 
H        3.129500     -2.545600     -2.926000 
H        4.151700     -4.129500     -0.825800 
H        4.318000     -2.354300     -0.843200 
H        0.571393     -2.778047      1.422942 
Sum of electronic and zero-point Energies=          -1815.003923 
 Sum of electronic and thermal Energies=             -1814.979601 
 Sum of electronic and thermal Enthalpies=           -1814.978831 







Pd      -0.235900     -0.491500     -0.303200 
C       -4.871400     -1.710200     -0.715900 
C       -4.317800     -0.907900     -1.706100 
C       -2.996000     -0.475400     -1.561200 
C       -2.227400     -0.836300     -0.444600 
C       -2.823800     -1.653500      0.528700 
C       -4.145400     -2.095600      0.403100 
H       -4.915800     -0.636600     -2.570300 
H       -2.566800      0.149900     -2.338900 
H       -2.258900     -1.948700      1.410700 
H       -4.612300     -2.722800      1.155700 
P       -0.571200      1.677000      0.299400 
O        0.242900     -2.574000     -0.610200 
B        1.424200     -2.456300      0.216300 
O        1.254400     -2.416400      1.621100 
C        4.462300      0.616400     -1.114600 
C        3.652000      0.065500     -2.102900 
C        2.434200     -0.495000     -1.719500 
C        2.002700     -0.530100     -0.374500 
C        2.877500      0.028100      0.577200 
C        4.100200      0.604900      0.227700 
H        1.805900     -0.939900     -2.487600 
H        2.607900     -0.015900      1.628200 
H        4.772200      1.031500      0.965600 
O        2.546000     -3.215600     -0.133300 
H        3.981800      0.084500     -3.136400 
F        5.641600      1.171000     -1.468600 
F       -6.152700     -2.126600     -0.846100 
  
 411 
C        0.461100      2.036900      1.810500 
C        0.332800      0.937900      2.876700 
C        0.286200      3.441900      2.399800 
H        1.472100      1.962300      1.398600 
H        0.470900     -0.059200      2.448800 
H        1.097000      1.090300      3.647600 
H       -0.640300      0.962700      3.371200 
H        0.392300      4.225900      1.644600 
H       -0.688700      3.561000      2.879900 
H        1.050100      3.615500      3.165700 
C       -2.355200      2.169200      0.617800 
C       -2.670000      3.669600      0.526500 
C       -2.885200      1.575800      1.930800 
H       -2.883000      1.663700     -0.195400 
H       -2.464700      4.079700     -0.464900 
H       -3.737600      3.817200      0.723100 
H       -2.118000      4.260500      1.261200 
H       -2.659200      0.512300      2.018300 
H       -2.476200      2.096700      2.800800 
H       -3.974100      1.686100      1.962300 
C       -0.002500      2.904200     -0.987500 
C       -0.672100      2.563400     -2.326500 
C        1.520600      2.969700     -1.135900 
H       -0.357500      3.884300     -0.651600 
H       -1.763700      2.542700     -2.254600 
H       -0.399900      3.305600     -3.084300 
H       -0.339400      1.580400     -2.674300 
H        2.014600      3.294100     -0.217100 
H        1.935000      2.003700     -1.424000 
H        1.773900      3.693100     -1.918600 
C        2.392200     -3.058000      2.202400 
C        3.372700     -3.254100      1.023600 
H        4.109700     -2.440900      0.982600 
H        3.905600     -4.208800      1.063400 
H        2.810900     -2.431600      2.997900 
H        2.083900     -4.015400      2.642700 
H       -0.436305     -3.098133     -0.183902 
Sum of electronic and zero-point Energies=          -1815.001207 
 Sum of electronic and thermal Energies=             -1814.977599 
 Sum of electronic and thermal Enthalpies=           -1814.976829 







Pd      -0.060300     -0.135000      0.256200 
C        1.564900      4.312900     -0.417000 
C        1.539900      3.795900      0.871500 
C        1.010200      2.517400      1.075500 
C        0.519800      1.755100      0.006600 
C        0.534500      2.324200     -1.273800 
C        1.064100      3.598500     -1.497200 
H        1.924000      4.389300      1.694900 
H        0.987200      2.119800      2.084200 
H        0.132700      1.772900     -2.118300 
H        1.086200      4.039100     -2.488600 
P        2.178200     -1.021900      0.150900 
O       -0.898600     -2.349700      0.570700 
B       -2.115400     -2.337200     -0.089500 
C        2.878300     -1.441200      1.835100 
C        3.444500      0.151700     -0.577000 
C        2.201000     -2.654100     -0.766100 
C        3.243500      0.313100     -2.090200 
H        3.796900      1.189500     -2.442500 
H        3.617800     -0.557600     -2.636600 
H        2.192900      0.460800     -2.346400 
C        4.916600     -0.123500     -0.244200 
H        5.538800      0.667400     -0.678200 
H        5.109300     -0.133500      0.831100 
H        5.260200     -1.075000     -0.657400 
C        3.576900     -3.301700     -0.957300 
H        3.461200     -4.319700     -1.346600 
H        4.180600     -2.744500     -1.679100 
  
 413 
H        4.142300     -3.366800     -0.022900 
C        1.413600     -2.579600     -2.084200 
H        1.287800     -3.589000     -2.491900 
H        0.419600     -2.151700     -1.935300 
H        1.933900     -1.983700     -2.837100 
C        2.062300     -2.538300      2.530100 
H        2.470100     -2.731800      3.528100 
H        1.021900     -2.219700      2.656900 
H        2.067700     -3.482800      1.980700 
C        2.904100     -0.178200      2.708300 
H        3.373500     -0.395300      3.674000 
H        3.450700      0.646800      2.245300 
H        1.883600      0.168800      2.895800 
C       -4.640700      1.458600      0.375900 
C       -3.977400      1.401900     -0.844600 
C       -2.640000      0.993700     -0.859500 
C       -1.957800      0.634800      0.314600 
C       -2.668900      0.722300      1.522300 
C       -4.008400      1.124000      1.566000 
H       -4.501500      1.684400     -1.752400 
H       -2.123700      0.957000     -1.814800 
H       -2.178500      0.473100      2.460600 
F        2.085400      5.546900     -0.624300 
F       -5.937300      1.854400      0.403800 
H       -4.557200      1.188200      2.500200 
H        3.156400      1.102300     -0.113500 
H        3.903300     -1.804800      1.698800 
H        1.608100     -3.285100     -0.093800 
O       -2.186900     -2.216700     -1.446200 
O       -3.308200     -2.484100      0.557700 
C       -4.333700     -2.238500     -0.423500 
C       -3.584600     -2.201000     -1.783800 
H       -3.802900     -1.288000     -2.342400 
H       -3.804300     -3.070800     -2.411300 
H       -5.078200     -3.037500     -0.371200 
H       -4.807300     -1.281900     -0.192400 
H       -1.034390     -2.413677      1.516867 
Sum of electronic and zero-point Energies=          -1815.025956 
 Sum of electronic and thermal Energies=             -1815.001356 
 Sum of electronic and thermal Enthalpies=           -1815.000586 







Pd       0.165600     -0.286300     -0.332100 
C        4.594800     -2.355800     -0.099700 
C        3.645600     -2.551900      0.893200 
C        2.433500     -1.855200      0.801800 
C        2.142700     -0.972500     -0.259900 
C        3.139500     -0.826100     -1.240400 
C        4.360900     -1.502400     -1.171200 
H        3.860900     -3.224500      1.717500 
H        1.708000     -1.994500      1.603200 
H        2.970000     -0.175600     -2.093600 
H        5.124500     -1.383900     -1.933700 
P        0.747500      1.821100      0.220200 
O       -0.219200     -2.509800     -0.898300 
C        1.538500      1.956500      1.908000 
C       -0.689100      3.028000      0.318400 
C        2.029700      2.461400     -0.972900 
C       -1.208800      3.400300     -1.076700 
H       -2.190500      3.875200     -0.982100 
H       -0.544200      4.111800     -1.575100 
H       -1.329200      2.522600     -1.712600 
C       -0.470700      4.282500      1.176800 
H       -1.373800      4.900900      1.131200 
H       -0.297800      4.043400      2.228600 
H        0.362700      4.895100      0.824100 
C        2.470600      3.911000     -0.735400 
H        3.334300      4.140900     -1.368800 
H        1.678700      4.618700     -0.994600 
H        2.764000      4.094100      0.302100 
  
 415 
C        1.639400      2.215100     -2.438000 
H        2.518900      2.341700     -3.078600 
H        1.251300      1.202700     -2.579500 
H        0.876800      2.917300     -2.780000 
C        2.990000      1.468800      1.971800 
H        3.357800      1.582800      2.997600 
H        3.075600      0.418600      1.693200 
H        3.650000      2.048800      1.321900 
C        0.655500      1.221400      2.926300 
H        1.056700      1.350200      3.937100 
H       -0.374700      1.589800      2.923100 
H        0.626900      0.151200      2.700100 
C       -4.666000      0.464800     -0.091200 
C       -4.057600      0.433700     -1.340300 
C       -2.672000      0.256300     -1.406600 
C       -1.878600      0.109200     -0.256400 
C       -2.549300      0.128000      0.980200 
C       -3.934700      0.306600      1.079500 
H       -4.664300      0.547800     -2.233000 
H       -2.206800      0.224600     -2.389100 
H       -1.983200      0.002200      1.900300 
F        5.776400     -3.012200     -0.024500 
F       -6.006700      0.650200     -0.012400 
H       -4.445100      0.329400      2.037600 
H       -1.463000      2.421200      0.795300 
H        1.534600      3.025000      2.147000 
H        2.872600      1.798600     -0.752000 
B       -1.420900     -2.859100     -0.309900 
O       -2.559900     -2.984400     -1.045400 
C       -3.636800     -3.164400     -0.113200 
C       -2.947700     -3.395000      1.259800 
O       -1.556000     -3.115200      1.030600 
H       -4.252200     -2.262100     -0.115500 
H       -4.244500     -4.017500     -0.428200 
H       -3.047600     -4.425700      1.615800 
H       -3.324300     -2.713400      2.026700 
H        0.559423     -2.793904     -0.417888 
Sum of electronic and zero-point Energies=          -1815.019472 
 Sum of electronic and thermal Energies=             -1814.996042 
 Sum of electronic and thermal Enthalpies=           -1814.995272 
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General Experimental  
 
Reaction solvent tetrahydrofuran (Fisher, HPLC grade, not stabilized) was dried by 
percolation through two columns packed with neutral alumina under positive pressure of argon. 
Solvents for filtration, transfers, chromatography, and recrystallizations were purchased from 
commercial sources and used as received. Column chromatography was performed using Merck 
grade 9385, 60 Å silica gel. Visualization was accomplished by UV light. Analytical TLC was 
performed on Merck silica gel plates with F254 indicator. Rf values reported were measured using 
a 10 x 2 cm plate. All reactions were conducted under an atmosphere of dry argon. 1H, 13C, 19F, 
and 11B NMR spectra were recorded on a Bruker 500 MHz (500 MHz, 1H; 471 MHz, 19F; 161 
MHz, 11B; 126 MHz, 13C) spectrometer. Spectra are referenced to residual chloroform (δ = 7.26 
ppm, 1H; 77.16 ppm, 13C) and 19F resonances are referenced to hexafluorobenzene (δ = –161.64 
ppm, 19F) in accordance with the referencing practices described by Togni, et al. Chemical shifts 
are reported in parts per million. Assignments were obtained by reference to HSQC and HMBC 
correlations. Elemental analysis was performed by the University of Illinois Microanalysis 
Laboratory. Mass spectrometry (MS) was performed by the University of Illinois Mass 
Spectrometry Laboratory. Electron Impact (EI) spectra were performed at 70 eV using methane as 
the carrier gas on a Finnagin-MAT C5 spectrometer. Electrospray Ionization (ESI) spectra were 
performed on a Micromass Q-ToF Ultima spectrometer. Data are reported in the form of m/z 
(intensity relative to the base peak = 100). Infrared spectra (IR) were recorded neat on a Perkin-
Elmer FT-IR system and peaks were reported in cm-1 with indicated relative intensities: s (strong, 
0-33% T); m (medium, 34-66% T); w (weak, 67-100% T). Melting points (m.p.) were determined 
on a Thomas-Hoover capillary melting point apparatus in sealed tubes and are corrected. The 
following commercial reagents were used as received: 4-fluorophenylboronic acid (Oakwood 
Chemical), 4-bromobenzotrifluoride (Oakwood Chemical), potassium trimethylsilanolate (Gelest), 
Pd-XPhos-G3 (Sigma-Aldrich), PEPPSI NHC (Sigma-Aldrich), Pd(Pt-Bu3)2 (Sigma-Aldrich), 
3,4,5-methoxyphenylboronic acid (Alfa Aesar), 3,4-methylenedioxyphenylboronic acid (Combi-
Blocks), 5-cyanothien-2-ylboronic acid (Combi-Blocks), 2-napthylboronic acid (Oakwood 
Chemical), 1-naphthylboronic acid (Combi-Blocks), 2-furylboronic acid (Combi-Blocks), 3-
fluoro-5-methoxyphenylboronic acid (Combi-Blocks), 2-fluorophenylboronic acid (Oakwood 
Chemical), 4-methoxyphenylboronic acid (Oakwood Chemical), 6-methoxy-2-bromopyridine 
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(Matrix Scientific), 6-trifluoromethoxy-2-bromopyridine (Oakwood Chemical), 4-
methylsulfonylboronic acid (Combi-Blocks), 4-cyanophenylboronic acid (Matrix Scientific), 4-
trifluoromethylphenylboronic acid Oakwood Chemical), 3,5-bistrifluoromethylphenylboronic 
acid (Combi-Blocks), 2-thienylboronic acid (Oakwood Chemical), n-boc-pyrrole-2-boronic acid 
(Aldrich), 2-trifluoromethoxyphenylboronic acid (Oakwood Chemical), 2-toluylboronic acid 
(Oakwood Chemical), 1,3,5-trimethylphenylboronic acid (Combi-Blocks), (E)-styrenylboronic 
acid (Combi-Blocks), 4-nitrobromobenzene (Aldrich), 1,3,5-trimethylbromobenzene (Alfa Aesar), 
1,3,5-triisopropylbromobenzene (Oakwood Chemical), 3-bromobenzaldehyde (Aldrich), benzyl 
chloride (Mallinckrodt), 4-bromodiphenylether (Aldrich), 2-chloro-4-fluorotoluene (Oakwood 
Chemical), 2-bromopyridine (Aldrich), 4-bromoanisole (Aldrich), 4-acetylbromobenzene 
(Aldrich), ethyl-4-bromobenzoate (Aldrich), ethyl-2-bromobenzoate (Aldrich), 3-bromophenol 
(Aldrich), 4-bromoaniline (Aldrich), 4-chlorobenzonitrile (Aldrich), 4-bromo-N-ethylbenzamide 
(Oakwood Chemical), 4-bromobenzaldehyde (Oakwood Chemical), 4-tert-butylphenyboronic 
acid (Oakwood Chemical), indomethacin (Combi-Blocks), neopentyl glycol (Alfa Aesar), N-
methylmorpholine-N-oxide (Aldrich), cyclopentene (TCI), erythritol (Oakwood Chemical), 4-
bromofluorobenzene (Oakwood Chemical), pinacol (Oakwood Chemical), ethylene glycol 
(Macron), morpholine (Aldrich), benzylamine (TCI), bis-neopentylglycolatodiboron (Oakwood 
Chemical), and osmium tetroxide (GFS). 
 
Literature Preparations 
The following compounds were prepared according to literature procedures: cis-
tetrahydrofuran-2,3-diol,1 cis-cyclopentane-1,2-diol,2 Pd-P(t-Bu)3-G3,3 (3-bromophenoxy)(tert-
butyl)dimethylsilane,4 4-(3-bromobenzyl)morpholine,5 2-(4-bromophenyl)-1,3-dioxolane,6 (E)-




Synthesis of Boronic Esters 
Preparation of 5,5-Dimethyl-2-(3,4,5-trimethoxyphenyl)-1,3,2-dioxaborinane (7e) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with 2,4,6-tris(3,4,5-trimethoxyphenyl)-1,3,5,2,4,6-trioxatriborinane (3.9e) 
(475 mg, 0.82 mmol), and neopentyl glycol (3.10) (255 mg, 2.45 mmol, 3.00 equiv), followed by 
50 mL of benzene. The flask was fitted with a Dean-Stark apparatus, which was filled with benzene, 
and a reflux condenser. The mixture was heated at reflux using a silicone oil bath and stirred for 
15 h, at which point it was cooled to room temperature. The benzene was removed by rotary 
evaporation (30 ºC, 23 mm Hg) to yield 658 mg of an off-white solid.  
The crude material was transferred to a sublimation apparatus which was heated at 65 °C 
for 4 days under high vacuum (0.1 mm Hg) using a silicone oil bath. The sublimate was collected, 
to give 632 mg (2.26 mmol, 92%) of analytically pure 3.3e as a white solid. 
Data for 3.3e: 
 mp: 85.8-86.5 °C (sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
7.04 (s, 2 H, HC(5)), 3.90 (s, 6 H, HC(8)), 3.87 (s, 3 H, HC(9)), 3.77 (s, 4 H, HC(3) 
1.03 (s, 6 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
152.95 (s, 2 C(6)), 140.52 (s, C(7)), 110.49 (s, 2 C(5)), 72.49 (s, 2 C(6)), 60.92 (s, 
2 C(9)), 56.19 (s, 2 C(3)), 32.04 (s, C(2)), 22.06 (s, 2 C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  27 ppm (br, BC(4)) 
 IR: (neat, ATR) 
2956 (w), 1575 (m), 1504 (w), 1476 (m), 1461 (m), 1418 (m), 1397 (m), 1377 (m), 








































(m), 812 (w), 767 (w), 740 (w), 708 (w), 683 (s), 550 (w), 497 (m) 
 MS: (EI) 
281.2 (15.6), 280.2 (100.0, M+), 279.2 (23.9), 265.1 (41.8), 264.1 (11.0), 237.1 
(24.8), 136.0 (11.4), 56.1 (10.4) 
 HRMS: calcd for C14H21BO5+: 281.1560, found: 281.1556 
 Analysis: C14H21BO5 (280.13) 
  Calcd:  C, 60.03; H, 7.56 
  Found:  C, 59.67; H, 7.51 
 
Preparation of 2-(Benzo[d][1,3]dioxol-5-yl)-5,5-dimethyl-1,3,2-dioxaborinane (3.3d) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with (benzo[d][1,3]dioxol-5-ylboronic acid (3.8d) (500 mg, 3.01 mmol), and 
neopentyl glycol (10) (314 mg, 3.01 mmol, 1.00 equiv), followed by 50 mL of benzene. The flask 
was fitted with a Dean-Stark apparatus, which was filled with benzene, and a reflux condenser. 
The mixture was heated at reflux using a silicone oil bath and stirred for 2 h, at which point it was 
cooled to room temperature. The benzene was removed by rotary evaporation (30 ºC, 23 mm Hg) 
to yield an off-white solid.  
The crude material was transferred to a sublimation apparatus which was heated at 55 °C 
for 6 h under high vacuum (0.1 mm Hg) using a silicone oil bath. The sublimate was collected, to 
give 606 mg (2.59 mmol, 86%) of 3.3d as a white solid. Spectroscopic data was in agreement with 
literature values.10 
Data for 3.3d: 
 1H NMR: (500 MHz, CDCl3) 
7.35 (d, J = 7.8 Hz, 1 H, HC(5)), 7.24 (s, 1 H, HC(3)), 6.82 (d, J = 7.7 Hz, 1 H, 
HC(6)), 3.74 (s, 4 H, HC(8)), 1.01 (s, 6 H, HC(10)) 
 13C NMR: (126 MHz, CDCl3) 






























C(6)), 100.60 (s, C(1)), 72.29 (s, 2 C(8)), 31.88 (s, C(9)), 21.90 (s, 2 C(10)) 
 11B NMR: (161 MHz, CDCl3) 
  27 ppm (br, BC(4)) 
 HRMS: calcd for C12H15BO4Na+: 257.0961, found: 257.0968 
 
Preparation of 2-(4-Methoxyphenyl)-5,5-dimethyl-1,3,2-dioxaborinane (3.3f) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with 2,4,6-tris(4-methoxyphenyl)-1,3,5,2,4,6-trioxatriborinane (3.9f) (398 mg, 
1.00 mmol), and neopentyl glycol (10) (312 mg, 3.00 mmol, 3.00 equiv), followed by 50 mL of 
benzene. The flask was fitted with a Dean-Stark apparatus, which was filled with benzene, and a 
reflux condenser. The mixture was heated at reflux using a silicone oil bath and stirred for 15 h, at 
which point it was cooled to room temperature. The benzene was removed by rotary evaporation 
(30 ºC, 15 mm Hg) to yield 634 mg of an off-white solid.  
The crude material was transferred to a sublimation apparatus which was heated at 45 °C 
for 4 days under high vacuum (0.1 mm Hg) using a silicone oil bath. The sublimate was collected, 
to give 589 mg (2.68 mmol, 89%) of 3.3f as a white solid. Spectroscopic data was in agreement 
with literature values.11 
Data for 3.3f: 
 1H NMR: (500 MHz, CDCl3) 
7.74 (d, J = 8.7 Hz, 2 H, HC(5)), 6.89 (d, J = 8.7 Hz, 2 H, HC(6)), 3.82 (s, 3 H, 
HC(8)), 3.75 (s, 4 H, HC(3)), 1.03 (s, 6 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
161.90 (s, C(7)), 135.66 (s, 2 C(5)), 113.30 (s, 2 C(6)), 72.42 (s, C(8)), 55.21 (s, 2 































 11B NMR: (161 MHz, CDCl3) 
  26 ppm (br, BC(4)) 
 HRMS: calcd for C12H17O3B+: 220.1271, found: 220.1268 
 
Preparation of 2-(3-Fluoro-5-methoxyphenyl)-5,5-dimethyl-1,3,2-dioxaborinane (3.3g) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 0.5-cm rod-shaped magnetic stir 
bar was charged with 3-fluoro-5-methoxyphenylboronic acid (3.8g) (500 mg, 2.94 mmol), and 
neopentyl glycol (10) (306 mg, 2.94 mmol, 1.00 equiv), followed by 50 mL of benzene. The flask 
was fitted with a Dean-Stark apparatus, which was filled with benzene, and a reflux condenser. 
The mixture was heated at reflux using a silicone oil bath and stirred for 3 h, at which point it was 
cooled to room temperature. The benzene was removed by rotary evaporation (30 ºC, 165 mm Hg) 
to yield 770 mg of an off-white solid.  
The crude material was transferred to a sublimation apparatus which was heated at 50 °C 
for 23 h under high vacuum (0.1 mm Hg) using a silicone oil bath. The sublimate was collected, 
to give 682 mg (2.87 mmol, 97%) of analytically pure 3.3g as a white solid. 
Data for 3.3g: 
 mp: 66.9-68.5 °C (sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
7.11 (d, J = 2.4 Hz, 1 H, HC(9)), 7.08 (dd, J = 8.7, 2.4 Hz, 1 H, HC(5)), 6.67 (dt, J 
= 10.6, 2.5 Hz, 1 H, HC(7)), 3.82 (s, 3 H, HC(10)), 3.76 (s, 4 H, HC(3)), 1.02 (s, 6 
H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
163.33 (d, 1JCF = 245 Hz, C(6)), 160.45 (d, 3JCF = 10 Hz, C(8)), 113.93 (d, 4JCF = 
2.5 Hz, C(9)), 112.41 (d, 2JCF = 20 Hz, C(5)), 104.50 (d, 2JCF = 25 Hz, C(7)), 72.36 
(s, C(10)), 55.53 (s, 2 C(3)), 31.88 (s, C(2)), 21.88 (s, 2 C(1)) 
 11B NMR: (161 MHz, CDCl3) 




























 19F NMR: (471 MHz, CDCl3) 
   -113.26 ppm (s, FC(6)) 
 IR: (neat, ATR) 
2964 (w), 1613 (w), 1583 (m), 1494 (w), 1479 (s), 1443 (m), 1428 (m), 1410 (m), 
1378 (m), 1336 (s), 1302 (s), 1253 (s), 1187 (m), 1138 (s), 1112 (s), 1062 (s), 1039 
(m), 998 (m), 957 (s), 893 (m), 859 (s), 823 (m), 810 (m), 715 (m), 702 (s), 689 (s), 
587 (m), 548 (w), 527 (w), 489 (s) 
 MS: (EI) 
239.1 (28.8), 238.1 (100.0, M+), 237.1 (48.2), 195.1 (14.6), 153.0 (21.3), 152.0 
(100.0), 151.0 (29.9), 139.1 (16.6), 122.0 (11.1), 56.1 (60.4), 55.1 (10.4) 
 HRMS: calcd for C12H17BFO3Na+: 261.1074, found: 261.1070 
 Analysis: C12H16BFO3 (238.07) 
  Calcd:  C, 60.54; H, 6.77 
  Found:  C, 60.17; H, 6.74 
 
Preparation of 5,5-Dimethyl-2-(naphthalen-2-yl)-1,3,2-dioxaborinane (3.3h) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with naphthalen-2-ylboronic acid (3.8h) (516 mg, 3.00 mmol), and neopentyl 
glycol (10) (312 mg, 3.00 mmol, 1.00 equiv), followed by 50 mL of benzene. The flask was fitted 
with a Dean-Stark apparatus, which was filled with benzene, and a reflux condenser. The mixture 
was heated at reflux using a silicone oil bath and stirred for 1.5 h, at which point it was cooled to 
room temperature. The benzene was removed by rotary evaporation (30 ºC, 150 mm Hg) to yield 
736 mg of an off-white solid.  
The crude material was transferred to a sublimation apparatus which was heated at 90 °C 
for 26 h under high vacuum (0.1 mm Hg) using a silicone oil bath. The sublimate was collected, 
to give 627 mg of 3.3h as a white solid. The material remaining in the sublimation apparatus was 



























was collected, to give 25.2 mg of 3.3h as a white solid. The two fractions were combined to give 
652 mg (91% yield, 2.72 mmol) of product as a white crystalline solid. Spectroscopic data was in 
agreement with literature values.11 
Data for 3.3h: 
 1H NMR: (500 MHz, CDCl3) 
8.35 (s, 1 H, HC(9)), 7.92–7.77 (m, 4 H, HC(4,5,6,7)), 7.51–7.42 (m, 2 H, HC(1,2)), 
3.84 (s, 4 H, HC(11)), 1.06 (s, 6 H, HC(13)) 
 13C NMR: (126 MHz, CDCl3) 
135.03 (s, C(9)), 134.86 (s, C(8)), 132.90 (s, C(3)), 129.92 (s, C(2)), 128.66 (s, 
C(4)), 127.64 (s, C(7)), 126.77 (s, C(1)), 126.60 (s, C(6)), 125.56 (s, C(5)), 72.43 
(s, 2 C(11)), 31.97 (s, C(12)), 21.95 (s, 2 C(13)) 
 11B NMR: (161 MHz, CDCl3) 
  27 ppm (br, BC(10)) 
 HRMS: calcd for C15H17BO2Na+: 263.1219, found: 263.1231 
 
Preparation of 5,5-Dimethyl-2-(naphthalen-1-yl)-1,3,2-dioxaborinane (3.3i) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with naphthalene-1-boronic acid (3.8i) (517 mg, 3.00 mmol), and neopentyl 
glycol (10) (313 mg, 3.01 mmol, 1.00 equiv), followed by 40 mL of benzene. The flask was fitted 
with a Dean-Stark apparatus, which was filled with benzene, and a reflux condenser. The mixture 
was heated at reflux using a silicone oil bath and stirred for 3 h under nitrogen, at which point it 
was cooled to room temperature. The benzene was removed by rotary evaporation (30 ºC, 10 mm 
Hg) to yield 736.3 mg of crude product (solid). 
The crude material was transferred to a sublimation apparatus which was heated at 69 °C 
under high vacuum (0.1 mm Hg) for 18 h. The sublimate was collected, to give 665 mg (92% yield, 































Data for 3.3i: 
 1H NMR: (500 MHz, CDCl3) 
 8.75 (d, J = 8.4 Hz, 1 H, HC(6)), 8.04 (d, J = 6.9 Hz, 1 H, HC(13)), 7.90 (d, J = 
8.3 Hz, 1 H, HC(11)), 7.83 (d, J = 8.0 Hz, 1 H, HC(9)), 7.55–7.40 (m, 3 H, 
HC(7,8,12)), 3.90 (s, 4 H, HC(3)), 1.10 (s, 6 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
136.86 (s, C(5)), 134.48 (s, C(13)), 133.54 (s, C(10)), 131.06 (s, C(11)), 128.56 
(s, C(9)), 128.48 (s, C(6)), 126.12 (s, C(7)), 125.36 (s, C(8)), 125.12 (s, C(12)), 
72.65 (s, 2 C(3)), 31.95 (s, C(2)), 22.10 (s, 2 C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  28 ppm (br, BC(4)) 
 HRMS: calcd for C15H17BO2+: 240.1322, found: 240.1330 
 
Preparation of 2-(4-Fluorophenyl)-5,5-dimethyl-1,3,2-dioxaborinane (3.3a) 
 
A 500-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with 4-fluorophenylboronic acid (3.8a) (10.3 g, 73.5 mmol), and neopentyl 
glycol (10) (7.63 g, 73.3 mmol, 1.00 equiv), followed by 210 mL of benzene. The flask was fitted 
with a Dean-Stark apparatus, which was filled with benzene, and a reflux condenser. The mixture 
was heated at reflux using a silicone oil bath and stirred for 13 h under nitrogen, at which point it 
was cooled to room temperature. The benzene was removed by rotary evaporation (40 ºC, 12 mm 
Hg) to yield the crude product as white solid. 
The crude material was transferred to a sublimation apparatus which was heated at 59 °C under 
high vacuum (0.1 mm Hg). The sublimate was collected to give 14.9 g (98% yield, 71.7 mmol) of 
3.3a as a white crystalline solid. Spectroscopic data was in agreement with literature values.12 
Data for 3.3a: 
 1H NMR: (500 MHz, CDCl3) 





















H, HC(3)), 1.02 (s, 6 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
165.07 (d, 1JCF = 249 Hz, C(7)), 136.19 (d, 3JCF = 8.13 Hz, 2 C(5)), 114.79 (d, 
2JCF = 20.04 Hz, 2 C(6)), 72.47 (s, 2 C(3)), 32.04 (s, C(2)), 22.05 (s, 2 C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  27 ppm (br, BC(4)) 
 19F NMR:  (471 MHz, CDCl3) 
  -109.77 ppm (s, FC(7)) 
 HRMS: calcd for C11H14BFO2+: 208.1071, found: 208.1077 
 
Preparation of 2-(3,5-Bis(trifluoromethyl)phenyl)-5,5-dimethyl-1,3,2-dioxaborinane (3.3c) 
 
A 50-mL, round-bottomed flask containing a 1.0-cm x 0.5-cm football-shaped magnetic 
stir bar was charged with 3,5-bis(trifluoromethyl)phenylboronic acid (3.8c) (1.29 g, 5.00 mmol), 
and neopentyl glycol (10) (521 mg, 5.0 mmol, 1.00 equiv), followed by 50 mL of benzene. The 
flask was fitted with a Dean-Stark apparatus, which was filled with benzene, and a reflux 
condenser. The mixture was heated at reflux using a silicone oil bath and stirred for 3 h, at which 
point it was cooled to room temperature. The benzene was removed by rotary evaporation (30 ºC, 
75 mm Hg) to yield an off-white solid.  
The crude material was transferred to a sublimation apparatus which was heated at 85 °C 
for 14 h under high vacuum (0.1 mm Hg) using a silicone oil bath. The sublimate was collected, 
to give 1.49 g (4.56 mmol, 92%) of 3.3c as a white solid. Spectroscopic data was in agreement 
with literature values.13 
Data for 3.3c: 
 1H NMR: (500 MHz, CDCl3) 





























 13C NMR: (126 MHz, CDCl3) 
134.00 (q, 3JCF = 3.5 Hz, 2 C(5)), 130.81 (q, 2JCF = 33 Hz, 2 C(6)), 124.31 (hept, 
3JCF = 3.8 Hz, C(7)), 123.84 (q, 1JCF = 273 Hz, 2 C(8)), 72.66 (s, 2 C(3)), 32.14 (s, 
C(2)), 21.96 (s, 2 C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  26 ppm (br, BC(4)) 
 19F NMR: (471 MHz, CDCl3) 
  -62.73 ppm (s, 3 FC(8)) 
 HRMS: calcd for C13H13BO2F6+: 326.0913 found: 326.0920 
 
Preparation of 5,5-Dimethyl-2-(4-(methanesulfonyl)phenyl)-1,3,2-dioxaborinane (3.3j) 
 
A 50-mL, round-bottomed flask containing a 1.0-cm x 0.5-cm football-shaped magnetic 
stir bar was charged with 4-(methanesulfonyl)phenylboronic acid (3.8j) (500 mg, 2.50 mmol), and 
neopentyl glycol (10) (260 mg, 2.50 mmol, 1.00 equiv), followed by 50 mL of benzene. The flask 
was fitted with a Dean-Stark apparatus, which was filled with benzene, and a reflux condenser. 
The mixture was heated at reflux using a silicone oil bath and stirred for 12 h, at which point it 
was cooled to room temperature. The benzene was removed by rotary evaporation (30 ºC, 75 mm 
Hg) to yield an off-white solid.  
The crude material was transferred to a sublimation apparatus which was heated at 130 °C 
for 14 h under high vacuum (0.1 mm Hg) using a silicone oil bath. The sublimate was collected, 
to give 577 mg (2.15 mmol, 86%) of analytically pure 3.3j as a white solid. 
Data for 3.3j: 
 mp: 166.8-168.2 °C (sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
7.98 (d, J = 8.3 Hz, 2 H, HC(6)), 7.90 (d, J = 8.3 Hz, 2 H, HC(5)), 3.79 (s, 4 H, 
























 13C NMR: (126 MHz, CDCl3) 
142.09 (s, C(7)), 134.69 (s, 2 C(6)), 126.14 (s, 2 C(5)), 72.45 (s, C(8)), 44.44 (s, 2 
C(3)), 31.92 (s, C(2)), 21.85 (s, 2 C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  26 ppm (br, BC(4)) 
 IR: (neat, ATR) 
3013 (w), 2959 (w), 2929 (w), 2873 (w), 1596 (w), 1489 (w), 1478 (m), 1423 (m), 
1376 (w), 1342 (m), 1305 (s), 1266 (m), 1254 (s), 1227 (w), 1187 (w), 1148 (s), 
1126 (s), 1104 (m), 1085 (m), 1038 (w), 1018 (m), 997 (w), 952 (m), 930 (w), 914 
(w), 834 (m), 814 (m), 775 (s), 725 (s), 689 (m), 657 (m), 637 (s), 574 (m), 537 (s), 
523 (s), 500 (m) 
 MS: (EI) 
268.1 (26.2, M+), 253.1 (20.2), 205.1 (30.4), 189.1 (32.7), 77.0 (10.1), 69.0 (38.3), 
56.1 (100.0), 55.1 (20.6) 
 HRMS: calcd for C12H18BO4S+: 269.1019, found: 269.1023 
 Analysis: C12H17BO4S (268.13) 
  Calcd:  C, 53.75; H, 6.39 
  Found:  C, 53.51; H, 6.49 
 
Preparation of 4-(5,5-Dimethyl-1,3,2-dioxaborinan-2-yl)benzonitrile (3.3k) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with 4-cyanophenylboronic acid (3.3k) (441 mg, 3.00 mmol), and neopentyl 
glycol (10) (312 mg, 3.00 mmol, 1.00 equiv), followed by 50 mL of benzene. The flask was fitted 
with a Dean-Stark apparatus, which was filled with benzene, and a reflux condenser. The mixture 
was heated at reflux using a silicone oil bath and stirred for 3 h, at which point it was cooled to 
room temperature. The benzene was removed by rotary evaporation (30 ºC, 75 mm Hg) to yield 
























The crude material was transferred to a sublimation apparatus which was heated at 110 °C 
for 10 h under high vacuum (0.1 mm Hg) using a silicone oil bath. The sublimate was collected, 
to give 572 mg (2.66 mmol, 89%) of 3.3k as a white solid. Spectroscopic data was in agreement 
with literature values.13 
Data for 3.3k: 
 1H NMR: (500 MHz, CDCl3) 
7.87 (d, J = 8.0 Hz, 2 H, HC(5)), 7.62 (d, J = 7.9 Hz, 2 H, HC(4)), 3.78 (s, 4 H, 
HC(3)), 1.03 (s, 6 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
134.38 (s, 2 C(5)), 131.18 (s, 2 C(6)), 119.27 (s, C(8)), 114.10 (s, C(7)), 72.59 (s, 
2 C(3)), 32.07 (s, C(2)), 22.01 (s, 2 C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  27 ppm (br, BC(4)) 
 HRMS: calcd for C12H15BNO2+: 216.1196, found: 216.1186 
 
Preparation of 5,5-Dimethyl-2-(4-(trifluoromethyl)phenyl)-1,3,2-dioxaborinane (3.3l) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with 4-trifluoromethylphenylboronic acid (3.8l) (950 mg, 5.00 mmol), and 
neopentyl glycol (10) (521 mg, 5.00 mmol, 1.00 equiv), followed by 50 mL of benzene. The flask 
was fitted with a Dean-Stark apparatus, which was filled with benzene, and a reflux condenser. 
The mixture was heated at reflux using a silicone oil bath and stirred for 3 h, at which point it was 
cooled to room temperature. The benzene was removed by rotary evaporation (30 ºC, 23 mm Hg) 
to yield an off-white solid.  
The crude material was transferred to a sublimation apparatus which was heated at 95 °C 
for 10 h under high vacuum (0.1 mm Hg) using a silicone oil bath. The sublimate was collected, 

























Data for 3.3l: 
 1H NMR: (500 MHz, CDCl3) 
7.91 (d, J = 7.7 Hz, 2 H, HC(5)), 7.60 (d, J = 7.7 Hz, 2 H, HC(6)), 3.79 (s, 4 H, 
HC(6)), 1.03 (s, 6 H, HC(8)) 
 13C NMR: (126 MHz, CDCl3) 
134.25 (s, 2 C(5)), 132.43 (q, 2JCF = 32.0 Hz, C(7)), 124.16 (q, 1JCF = 272.1 Hz, 1 
C(8)), 124.31 (q, 3JCF = 3.7 Hz, 2 C(6)), 72.55 (s, 2 C(3)), 32.06 (s, C(2)), 22.01 (s, 
2 (C1)) 
 19F NMR: (471 MHz, CDCl3) 
  -62.82 ppm (s, 3 FC(8)) 
 11B NMR: (161 MHz, CDCl3) 
  25 ppm (br, BC(4)) 
 HRMS: calcd for C12H14F3O2B+: 258.1039, found: 258.1038 
 
Preparation of 2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-6-(trifluoromethyl)pyridine 
(3.12m) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with potassium acetate (589 mg, 6.00 mmol, 3.00 equiv), and equipped with 
a reflux condenser. The apparatus was flame-dried under vacuum until the potassium acetate began 
to melt. The flask was allowed to cool to room temperature, backfilled with argon, and charged 
with 6-trifluoromethyl-2-bromopyridine (3.2l) (452 mg, 2.00 mmol), Pd(dppf)Cl2 (72.3 mg, 0.100 
mmol, 0.05 equiv) and B2(pin)2 (3.11) (559 mg, 2.20 mmol, 1.10 equiv). The reaction vessel was 
evacuated and backfilled with argon three times, and 10 mL of dry, degassed dioxane was added 
by syringe. The mixture was heated at reflux using a silicone oil bath for 14 h, at which point it 
was cooled to room temperature. The dioxane was removed by rotary evaporation (30 ºC, 9 mm 
Hg), and the crude material was passed through a plug of silica gel (30 g, 3.0 cm column) using 

























to yield a brown solid which was dissolved in 15 mL of refluxing hexanes. Some insoluble material 
was removed by hot filtration and the hexane was evaporated at reflux to a final volume of 5 mL. 
The solution was cooled to room temperature and allowed to stand for 1 hour. The resulting 
crystals were collected by filtration using a Büchner funnel and filter paper, and collected to give 
280 mg (1.03 mmol, 51% yield) of product as an off-white crystalline solid. A portion of this 
material was further purified to analytical purity by adding 100 mg of product to a sublimation 
apparatus, which was heated under high vacuum (0.1 mm Hg) using a silicone oil bath at 80 ºC for 
6 h. The sublimate was collected to give 76.7 mg (77% recovery) of analytically pure 3.12m as a 
white solid.  
Data for 3.12m: 
 mp: sublimes (sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
7.99 (d, J = 7.8 Hz, 1 H, HC(5)), 7.83 (t, J = 7.8 Hz, 1 H, HC(4)), 7.70 (d, J = 7.8 
Hz, 1 H, HC(3)), 1.39 (s, 12 H, HC(8)) 
 13C NMR: (126 MHz, CDCl3) 
149.02 (q, 2JCF = 34 Hz, C(2)), 136.01 (s, C(4)), 133.16 (s, C(5)), 121.76 (q, 1JCF = 
275 Hz, C(1)), 121.69 (q, 3JCF = 2.8 Hz, C(3)), 85.11 (s, 2 C(7)), 25.02 (s, 4 C(8)) 
 11B NMR: (161 MHz, CDCl3) 
  29 ppm (br, BC(6)) 
 19F NMR: (471 MHz, CDCl3) 
  -67.36 ppm (s, 3 FC(1)) 
 IR: (neat, ATR) 
2989 (w), 1592 (w), 1474 (w), 1428 (w), 1396 (w), 1386 (m), 1367 (s), 1312 (s), 
1270 (w), 1238 (m), 1208 (w), 1178 (s), 1168 (m), 1127 (s), 1101 (s), 1084 (s), 992 
(m), 965 (m), 867 (m), 844 (m), 831 (m), 770 (w), 752 (m), 721 (w), 705 (m), 691 
(m), 666 (w), 639 (m), 598 (m), 577 (w), 520 (w) 
 MS: (EI) 
273.1 (60.5, M+), 272.1 (10.6), 258.1 (52.9), 257.1 (12.7), 254.1 (31.4), 240.1 
(11.5), 230.1 (13.8), 218.1 (16.0), 217.1 (85.1), 192.0 (14.0), 174.0 (100.0), 173.0 
(24.7), 154.0 (57.2), 153.0 (12.2) 
 HRMS: calcd for C12H16BF3NO2+: 273.1148, found: 273.1155 
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 Analysis: C12H15BF3NO2 (273.06) 
  Calcd:  C, 52.78; H, 5.54; N, 5.13 
  Found:  C, 52.63; H, 5.55; N, 5.27 
 
Preparation of 2-Methoxy-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (3.12n) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with potassium acetate (1.47 g, 15.0 mmol, 3.00 equiv), and equipped with a 
reflux condenser. The apparatus was flame-dried under vacuum until the potassium acetate began 
to melt. The flask was allowed to cool to room temperature, backfilled with argon, and charged 
with Pd(dppf)Cl2 (183 mg, 0.250 mmol, 0.05 equiv) and B2(pin)2 (3.11) (1.40 g, 5.50 mmol, 1.10 
equiv). The reaction vessel was evacuated and backfilled with argon three times, and 6-methoxy-
2-bromopyridine (3.2x) (940 mg, 5.00 mmol) was added by syringe followed by 10 mL of dry, 
degassed dioxane. The mixture was heated at reflux using a silicone oil bath for 14 h, at which 
point it was cooled to room temperature. The mixture was diluted with 100 mL of hexane and 
filtered through a pad of Celite (20 g). The filtered solution was then concentrated by rotary 
evaporation (30 ºC, 56 mm Hg) to give a black oil which was transferred to a 35-mL, round-
bottomed flask and purified by Kugelrohr distillation (130 ºC, 0.1 mm Hg). The distillate (1.31 g) 
was collected as a colorless oil containing the desired product and an impurity. The oil was 
dissolved in 1 mL of hexanes, and seeded with a small amount of product to induce crystallization. 
The solution was cooled to –20 ºC and allowed to stand for 3 h, at which point the resulting white 
crystals were filtered to give 807 mg of impure product as a white solid. This material was 
triturated with 1 mL pentane, and the pentane was removed and evaporated. The solid resulting 
from the evaporated trituration solution was itself triturated with 0.5 mL pentane, and the two 
solids were combined to give 546 mg of a white solid. This solid was placed in a sublimation 
apparatus, and heated at 55 ºC for 24 h under high vacuum (0.1 mm Hg) using a silicone oil bath. 
The sublimate was collected, and added to a sublimation apparatus which was heated at 50 ºC 


























give 330 mg (1.40 mmol, 28% yield) of analytically pure 3.12n as a white, crystalline solid. 
Data for 3.12n: 
 mp: sublimes (sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
7.53 (d, J = 7.7 Hz, 1 H, HC(5)), 7.43 (t, J = 7.0 Hz, 1 H, HC(4)), 6.77 (d, J = 8.4 
Hz, 1 H, HC(3)), 4.03 (s, 1 H, HC(1)), 1.37 (s, 12 H, HC(8)) 
 13C NMR: (126 MHz, CDCl3) 
164.12 (s, C(2)), 137.34 (s, C(4)), 124.91 (s, C(5)), 113.13 (s, C(3)), 84.42 (s, 2 
C(7)), 53.55 (s, C(1)), 25.05 (s, 4 C(8)) 
 11B NMR: (161 MHz, CDCl3) 
  30 ppm (br, BC(6)) 
 IR: (neat, ATR) 
2979 (w), 1582 (m), 1575 (m), 1473 (w), 1456 (m), 1405 (s), 1390 (m), 1381 (m), 
1372 (m), 1351 (s), 1317 (s), 1283 (s), 1271 (m), 1247 (m), 1212 (w), 1166 (m), 
1153 (m), 1141 (s), 1125 (s), 1075 (m), 1027 (s), 983 (m), 967 (s), 902 (m), 852 (s), 
814 (s), 776 (m), 747 (s), 699 (s), 670 (m), 604 (w), 563 (m), 454 (m) 
 MS: (EI) 
235.1 (100.0, M+) 234.1 220.1 192.1 164.1 152.1 136.1 105.1 82.1 
 HRMS: calcd for C12H18BNO3+: 235.1380, found: 235.1384 
 Analysis: C12H18BNO3 (235.09) 
  Calcd:  C, 61.31; H, 7.72; N, 5.96 
  Found:  C, 61.21; H, 7.83; N, 6.15 
 
Preparation of 5,5-Dimethyl-2-(thien-2-yl)-1,3,2-dioxaborinane (3.3o) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with thiophene-2-boronic acid (3.8o) (256 mg, 2.00 mmol), and neopentyl 
























with a Dean-Stark apparatus, which was filled with benzene, and a reflux condenser. The mixture 
was heated at reflux using a silicone oil bath and stirred for 15 h, at which point it was cooled to 
room temperature. The benzene was removed by rotary evaporation (30 ºC, 150 mm Hg) to yield 
393 mg of an off-white solid.  
The crude material was transferred to a sublimation apparatus which was heated at 70 °C 
for 13 h under high vacuum (0.1 mm Hg) using a silicone oil bath. The sublimate was collected, 
to give 319 mg (1.63 mmol, 81%) of 3.3o as a white crystalline solid. Spectroscopic data was in 
agreement with literature values.14 
Data for 3.3o: 
 1H NMR: (500 MHz, CDCl3) 
7.60–7.56 (m, 2 H, HC(1,3)), 7.17 (dd, J = 4.5,3 3.5 Hz, 1 H, HC(2)), 3.77 (s, 4 H, 
HC(5)), 1.03 (s, 6 H, HC(7)) 
 13C NMR: (126 MHz, CDCl3) 
135.61 (s, C(3)), 131.35 (s, C(2)), 128.07 (s, C(1), 72.40 (s, 2 C(5)), 32.06 (s, C(6)), 
21.92 (s, 2 C(7)) 
 11B NMR: (161 MHz, CDCl3) 
  25 ppm (br, BC(4)) 
 HRMS: calcd for C9H13BO2NaS+: 219.0636, found: 219.0627 
 
Preparation of tert-Butyl 2-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)-1H-pyrrole-1-
carboxylate (3.3p) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with (1-(tert-butoxycarbonyl)-1H-pyrrol-2-yl) boronic acid (3.8p) (633 mg, 
3.00 mmol), and neopentyl glycol (10) (312 mg, 3.00 mmol, 1.00 equiv), followed by 50 mL of 
benzene. The flask was fitted with a Dean-Stark apparatus, which was filled with benzene, and a 



































at which point it was cooled to room temperature. The benzene was removed by rotary evaporation 
(30 ºC, 23 mm Hg) to give 827 mg (2.96 mmol, 98.8% yield) of analytically pure 3.3p as a faintly 
yellow oil. 
Data for 3.3p: 
 1H NMR: (500 MHz, CDCl3) 
7.29 (dd, J = 3.0, 1.5 Hz, 1 H, HC(5)), 6.50 (dd, J = 3.2, 1.5 Hz, 1 H, HC(7)), 6.18 
(t, J = 3.1 Hz, 1 H, HC(6)), 3.74 (s, 4 H, HC(3)), 1.58 (s, 9 H, HC(10)), 1.05 (s, 6 
H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
149.95 (s, C(8)), 123.69 (s, C(5)), 120.61 (s, C(7)), 111.72 (s, C(6)), 83.38 (s, C(9)), 
72.61 (s, 2 C(3)), 31.98 (s, C(2)), 28.19 (s, 3 C(10)), 22.17 (s, 2 C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  26 ppm (br, BC(4)) 
 IR: (neat, ATR) 
2963 (w), 1735 (s), 1550 (w), 1477 (m), 1459 (m), 1431 (w), 1416 (m), 1392 (s), 
1370 (m), 1321 (s), 1275 (s), 1248 (s), 1219 (m), 1198 (m), 1185 (m), 1156 (s), 
1107 (s), 1066 (m), 1035 (m), 1011 (w), 999 (w), 945 (m), 930 (w), 850 (m), 836 
(m), 813 (m), 774 (m), 734 (m), 698 (m), 683 (m), 642 (w), 598 (w), 496 (m) 
 MS: (ESI) 
437.2 (35.3), 427.2 (14.3), 355.2 (20.5), 255.1 (22.1), 235.1 (11.3), 234.1 (100.0), 
233.1 (26.0), 178.0 (64.3), 177.0 (18.5), 155.1 (10.2) 
 HRMS: calcd for C14H22BNO4Na+: 302.1540, found: 302.1554 
 Analysis: C14H22BNO4 (279.16) 
  Calcd:  C, 60.24; H, 7.75; N, 5.02 





Preparation of 2-(Furan-2-yl)-5,5-dimethyl-1,3,2-dioxaborinane (3.3b) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with furan-2-ylboronic acid (3.8b) (300 mg, 2.68 mmol), and neopentyl glycol 
(10) (279 mg, 2.68 mmol, 1.00 equiv), followed by 50 mL of benzene. The flask was fitted with a 
Dean-Stark apparatus, which was filled with benzene, and a reflux condenser. The mixture was 
heated at reflux using a silicone oil bath and stirred for 2 h, at which point it was cooled to room 
temperature. The benzene was removed by rotary evaporation (30 ºC, 75 mm Hg) to yield an off-
white solid.  
The crude material was transferred to a sublimation apparatus which was heated at 60 °C 
for 4 days under high vacuum (0.1 mm Hg) using a silicone oil bath. The sublimate was collected, 
to give 452 mg (2.51 mmol, 84%) of 3.3b as a white solid. Spectroscopic data was in agreement 
with literature values.15 
Data for 3.3b: 
 1H NMR: (500 MHz, CDCl3) 
7.62 (d, J = 1.1 Hz, 1 H, HC(7)), 6.98 (d, J = 3.3 Hz, 1 H, HC(5)), 6.42 (dd, J = 3.3, 
1.6 Hz, 1 H, HC(6)), 3.76 (s, 4 H, HC(3)), 1.03 (s, 6 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
146.78 (s, C(7)), 121.60 (s, C(6)), 110.22 (s, C(5)), 114.49 (s, C(2)), 72.45 (s, 2 
C(3)), 32.27 (s, C(2)), 22.04 (s, 2 C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  24 ppm (br, BC(4)) 
 HRMS: calcd for C9H14BO3+: 181.1036, found: 181.1037 
 

















































A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with (5-cyanothien-2-yl)boronic acid (3.8q) (500 mg, 3.27 mmol), and 
neopentyl glycol (3.10) (340 mg, 3.27 mmol, 1.00 equiv), followed by 50 mL of benzene. The 
flask was fitted with a Dean-Stark apparatus, which was filled with benzene, and a reflux 
condenser. The mixture was heated at reflux using a silicone oil bath and stirred for 3.5 h, at which 
point it was cooled to room temperature. The benzene was removed by rotary evaporation (30 ºC, 
23 mm Hg) to yield 736 mg of an off-white solid.  
The crude material was transferred to a sublimation apparatus which was heated at 80 °C 
for 12 h under high vacuum (0.1 mm Hg) using a silicone oil bath. The sublimate was collected, 
to give 682 mg (3.09 mmol, 94%) of analytically pure 3.3q as a white solid. 
Data for 3.3q: 
 mp: 96.9-98.1 °C (sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
7.62 (d, J = 3.6 Hz, 1 H, HC(3)), 7.49 (d, J = 3.7 Hz, 1 H, HC(4)), 3.77 (s, 4 H, 
HC(6)), 1.03 (s, 6 H, HC(8)) 
 13C NMR: (126 MHz, CDCl3) 
137.92 (s, C(3)), 135.26 (s, C(4)), 114.68 (s, C(1)), 114.49 (s, C(2)), 72.70 (s, 2 
C(6)), 32.24 (s, C(7)), 21.98 (s, 2 C(8)) 
 11B NMR: (161 MHz, CDCl3) 
  25 ppm (br, BC(5)) 
 IR: (neat, ATR) 
3091 (w), 2965 (w), 2214 (m), 1513 (m), 1492 (w), 1480 (m), 1445 (m), 1424 (m), 
1373 (w), 1326 (s), 1275 (s), 1257 (s), 1205 (m), 1159 (w), 1106 (m), 1048 (m), 
1021 (m), 992 (w), 931 (w), 917 (m), 831 (m), 815 (m), 754 (w), 702 (m) 
 MS: (EI) 
239.1 (28.8), 238.1 (100.0, M+), 237.1 (48.2), 195.1 (14.6), 153.0 (21.3), 152.0 
(100.0), 151.0 (29.9), 139.1 (16.6), 122.0 (11.1), 56.1 (60.4), 55.1 (10.4) 
 HRMS: calcd for C10H13BNO2S+: 222.0760, found: 222.0753 
 Analysis: C10H12BNO2S (221.08) 
  Calcd:  C, 54.33; H, 5.47; N, 6.34 
  Found:  C, 54.27; H, 5.44 ; N:6.35 
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Preparation of 2-(2-Fluorophenyl)-5,5-dimethyl-1,3,2-dioxaborinane (3.3r) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with 2-fluorophenylboronic acid (3.8r) (420 mg, 3.00 mmol), and neopentyl 
glycol (10) (312 mg, 3.00 mmol, 1.00 equiv), followed by 50 mL of benzene. The flask was fitted 
with a Dean-Stark apparatus, which was filled with benzene, and a reflux condenser. The mixture 
was heated at reflux using a silicone oil bath and stirred for 2.5 h, at which point it was cooled to 
room temperature. The benzene was removed by rotary evaporation (30 ºC, 9 mm Hg) to yield an 
off-white solid.  
The crude material was purified by bulb-to-bulb distillation (140 ºC, 1.0 mm Hg). The 
distillate was collected, to give 611 mg (2.94 mmol, 98%) of 3.3r as a colorless oil. Spectroscopic 
data was in agreement with literature values.16  
Data for 3.3r: 
 1H NMR: (500 MHz, CDCl3) 
7.72 (t, J = 6.8 Hz, 1 H, HC(9)), 7.38 (q, J = 7.0 Hz, 1 H, HC(7)), 7.12 (t, J = 7.4 
Hz, 1 H, HC(8)), 7.00 (t, J = 9.0 Hz, 1 H, HC(6)), 3.80 (s, 4 H, HC(3)), 1.04 (s, 6 
H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
167.27 (d, 1JCF = 250 Hz, C(5)), 136.29 (d, 3JCF = 8.1 Hz, C(9)), 132.64 (d, 3JCF = 
8.9 Hz, C(7)), 123.60 (d, 4JCF = 3.3 Hz, C(8)), 115.47 (d, 2JCF = 25 Hz, C(6), 72.60 
(s, 2 C(3)), 31.98 (s, C(2)), 22.03 (s, 2 C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  26 ppm (br, BC(4)) 
 19F NMR: (471 MHz, CDCl3) 
  -104.61 ppm (s, FC(5)) 



























Preparation of 5,5-Dimethyl-2-(2-(trifluoromethoxy)phenyl)-1,3,2-dioxaborinane (3.3s) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with (2-(trifluoromethoxy)phenyl)boronic acid (3.8s) (618 mg, 3.00 mmol), 
and neopentyl glycol (3.10) (313 mg, 3.01 mmol, 1.00 equiv), followed by 40 mL of benzene. The 
flask was fitted with a Dean-Stark apparatus, which was filled with benzene, and a reflux 
condenser. The mixture was heated at reflux using a silicone oil bath and stirred for 13 h under 
argon, at which point it was cooled to room temperature. The benzene was removed by rotary 
evaporation (35 ºC, 10 mm Hg) to provide a faintly yellow oil.  
The crude product was purified by Kugelrohr distillation (100°C, 0.1 mm Hg) to afford 
0.81 g (98% yield, 2.94 mmol) of analytically pure 3.3s as a clear, colorless oil.  
Data for 3.3s: 
 1H NMR: (500 MHz, CDCl3) 
7.77 (dd, J = 7.5, 1.9 Hz, 1 H, HC(10)), 7.42 (td, J = 7.8, 1.9 Hz, 1 H, HC(8)), 
7.28 (t, J = 7.4, 1 H, HC(9)), 7.21 (d, J = 8.3, 1 H, HC(7)), 3.79 (s, 4 H, HC(3)), 
6.06 (s, 6 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
153.22 (s, C(5)), 136.09 (s, C(10)), 131.81 (s, C(8)), 126.57 (s, C(9)), 121.58 (s, 
C(7)), 120.70 (q, 1JCF = 256 Hz, C(6)), 72.62 (s, 2 C(3)), 31.90 (s, C(2)), 21.93 (s, 
2 C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  27 ppm (br, BC(4)) 
 19F NMR:  (471 MHz, CDCl3) 
  -57.22 ppm (s, FC(6)) 
 IR: (neat, ATR) 
2965 (w), 2939 (w), 2894 (w), 1607 (m), 1574 (w), 1480 (m), 1446 (m), 1419 
(w), 1378 (w), 1339 (m), 1314 (s), 1307 (s), 1285 (m), 1248 (s), 1219 (s), 1200 
























876 (w), 814 (w), 770 (m), 752 (w), 715 (w), 679 (m), 660 (m), 645 (m), 632 (m), 
553 (w), 536 (w), 495 (w) 
 MS: (EI) 
275.1 (14.4), 274.1 (100.0, M+), 273.1 (35.0), 189.0 (20.0), 165.0 (10.6), 135.0 
(10.6), 123.0 (48.8), 122.0 (15.0), 91.0 (13.8), 77.0 (11.6), 76.0 (11.6), 56.0 (34.4) 
 HRMS: calcd for C12H14BF3O3+: 274.0988, found: 274.0995 
 Analysis: C12H14BF3O3 (274.05) 
  Calcd:  C, 52.59; H, 5.15 
 Found:  C, 52.26; H, 5.10 
 
Preparation of 5,5-Dimethyl-2-(2-tolyl)-1,3,2-dioxaborinane (3.3t) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with 2-tolylboronic acid (3t) (860 mg, 6.33 mmol), and neopentyl glycol (3.10) 
(670 mg, 6.43 mmol, 1.02 equiv), followed by 50 mL of benzene. The flask was fitted with a Dean-
Stark apparatus, which was filled with benzene, and a reflux condenser. The mixture was heated 
at reflux using a silicone oil bath and stirred for 7 h under argon, at which point it was cooled to 
room temperature. The benzene was removed by rotary evaporation (35 ºC, 10 mm Hg) to yield 
1.48 g of a faintly yellow oil.  
The crude product was purified by Kugelrohr distillation (110°C, 0.1 mm Hg) to afford 
1.48 g (99% yield, 7.24 mmol) of pure 3.3t as a clear, colorless oil. Spectroscopic data was in 
agreement with literature values.12  
Data for 3.3t: 
 1H NMR: (500 MHz, CDCl3) 
7.73 (d, J = 7.5 Hz, 1 H, HC(10)), 7.28 (td, J = 7.4, 1.6 Hz, 1 H, HC(8)), 7.17–


























 13C NMR: (126 MHz, CDCl3) 
144.03 (s, C(5)), 134.96 (s, C(10)), 130.17 (s, C(8), 130.09 (s, C(7 or 9)), 124.81 
(s, C(7 or 9)), 72.43 (s, 2 C(3)), 31.80 (s, C(2), 22.52 (s, C(6)), 22.04 (s, 2 C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  28 ppm (br, BC(4)) 
 HRMS: calcd for C12H17BO2+: 204.1322, found: 204.1318 
 
Preparation of 2-Mesityl-5,5-dimethyl-1,3,2-dioxaborinane (3.3u) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with mesityl boronic acid (3.8u) (1.64 g, 10.01 mmol), and neopentyl glycol 
(3.10) (868 mg, 8.33 mmol, 0.83 equiv), followed by 50 mL of benzene. The flask was fitted with 
a Dean-Stark apparatus, which was filled with benzene, and a reflux condenser. The mixture was 
heated at reflux using a silicone oil bath and stirred for 19 h under argon, at which point it was 
cooled to room temperature. The benzene was removed by rotary evaporation (30 ºC, 15 mm Hg) 
to yield 2.18 g of a white solid.  
The crude material was transferred to a sublimation apparatus which was heated at 45 °C 
under high vacuum (0.1 mm Hg). The sublimate was collected, to give 1.66 g (86% yield, 7.15 
mmol) of 3.3u as a white, crystalline solid. Spectroscopic data was in agreement with literature 
values.17 
Data for 3.3u: 
 1H NMR: (500 MHz, CDCl3) 
6.78 (s, 2 H, HC(7)), 3.78 (s, 4 H, HC(3)), 2.36 (s, 6 H, HC(6)), 2.24 (s, 3 H, 
HC(9)), 1.10 (s, 6 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
140.83 (s, 2 C(5)), 138.18 (s, C(8)), 127.45 (s, 2 C(7)), 72.36 (s, 2 C(3)), 31.76 (s, 
























 11B NMR: (161 MHz, CDCl3) 
  29 ppm (br, BC(4)) 
 HRMS: calcd for C14H21BO2+: 232.1635, found: 232.1640 
 
Preparation of (E)-5,5-Dimethyl-2-(2-phenylethenyl)-1,3,2-dioxaborinane (3.3v) 
 
A 50-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with (E)-styrylboronic acid (3.8v) (244 mg, 1.65 mmol), and neopentyl glycol 
(3.10) (156 mg, 1.5 mmol, 0.91 equiv), followed by 20 mL of benzene. The flask was fitted with 
a Dean-Stark apparatus, which was filled with benzene, and a reflux condenser. The mixture was 
heated at reflux using a silicone oil bath and stirred for 3 h under nitrogen, at which point it was 
cooled to room temperature. The benzene was removed by rotary evaporation (30 ºC, 10 mm Hg) 
to yield the crude product as a white solid (0.37 g). 
The crude material was transferred to a sublimation apparatus which was heated at 40 °C 
under high vacuum (0.1 mm Hg). The sublimate was collected, to give 277 mg (86% yield, 1.28 
mmol) of 3.3v as a white solid. Spectroscopic data was in agreement with literature values.18 
Data for 3.3v: 
 1H NMR: (500 MHz, CDCl3) 
 7.49 (d, J = 7.0 Hz, 2 H, HC(7)), 7.37–7.30 (m, 3 H, HC(5,8)), 7.27 (d, J = 7.4 
Hz, 1 H, HC(9)), 6.11 (d, J = 18.3 Hz, 1 H, HC(4)), 3.70 (s, 4 H, HC(3)), 1.01 (s, 
6 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
147.25 (s, C(5)), 137.91 (s, C(6)), 128.64 (s, 3 C(8,9)), 127.12 (s, 2 C(7)), 120.94 
(bs, C(4)), 72.32 (s, 2 C(3)), 31.98 (s, C(2)), 22.00 (s, 2 C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  26 ppm (br, BC(4)) 

























Preparation of 2-(4-(tert-Butyl)phenyl)-5,5-dimethyl-1,3,2-dioxaborinane (3.3w) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with 4-tert-butylphenylboronic acid (3.8w) (890 mg, 5.00 mmol), and 
neopentyl glycol (3.10) (521 mg, 5.00 mmol, 1.00 equiv), followed by 50 mL of benzene. The 
flask was fitted with a Dean-Stark apparatus, which was filled with benzene, and a reflux 
condenser. The mixture was heated at reflux using a silicone oil bath and stirred for 14 h, at which 
point it was cooled to room temperature. The benzene was removed by rotary evaporation (30 ºC, 
15 mm Hg) to yield an off-white solid.  
The crude material was transferred to a sublimation apparatus which was heated at 60 °C 
for 13 h under high vacuum (0.1 mm Hg) using a silicone oil bath. The sublimate was collected, 
to give 1.13 g (4.60 mmol, 92%) of 3.3w as a white crystalline solid. Spectroscopic data was in 
agreement with literature values.19 
Data for 3.3w: 
 1H NMR: (500 MHz, CDCl3) 
7.75 (d, J = 8.2 Hz, 2H, HC(5)), 7.39 (d, J = 8.2 Hz, 2H, HC(6)), 3.76 (s, 4H, HC(3)), 
1.33 (s, 9H, HC(9)), 1.02 (s, 6H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
153.90 (s, C(7)), 133.88 (s, 2 C(5)), 124.69 (s, 2 C(6)), 72.43 (s, 2 C(3)), 34.95 (s, 
C(8)), 32.04 (s, C(2)), 31.39 (s, 3 C(9)), 22.06 (s, 2 C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  27 ppm (br, BC(4)) 





























Preparation of 2,5,5-Trimethyl-1,3,2-dioxaborinane (3.3x) 
 
Following a previously reported procedure20, a 50-mL, round-bottomed flask containing a 
2.0-cm x 1.0-cm football-shaped magnetic stir bar was charged with methylboronic acid (3.8x) 
(1.25 g, 21.0 mmol) and 20 mL of pentane was added. Neopentyl glycol (3.10) (2.08 g, 20.0 mmol, 
0.95 equiv) was added and the flask was fitted with a gas adaptor and septum. The reaction was 
stirred at rt for 3 min under argon, at which point the resulting bi-phasic mixture was transferred 
to a 125-mL separatory funnel. The aqueous layer was removed and extracted with pentane (2 x 
10 mL) and 20 mL of additional pentane was used to transfer the residual material from the 
separatory funnels. The combined organic layers were dried over sodium sulfate (7 g) and 
transferred to a 250-mL, round-bottomed flask and concentrated (30°C, 15 mm Hg) to afford the 
crude product (1.75 g) as an oil. 
The crude product was purified by Kugelrohr distillation (120°C, 760 mm Hg) to afford 
1.69 g (66% yield, 13.2 mmol) of analytically pure 3.3x as a clear, colorless oil. 
Data for 3.3x: 
 1H NMR: (500 MHz, CDCl3) 
3.58 (s, 4 H, HC(3)), 0.95 (s, 6 H, HC(1)), 0.19 (s, 3 H, HC(4)) 
 13C NMR: (126 MHz, CDCl3) 
72.17 (s, 2 C(3)), 31.70 (s, C(2)), 21.98 (s, 2 C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  30 ppm (br, BC(4)) 
 IR: (neat, ATR) 
2962 (w), 2933 (w), 2886 (w), 2061 (w), 1477 (m), 1405 (m), 1378 (m), 1352 
(m), 1332 (s), 1289 (w), 1244 (s), 1218 (m), 1206 (m), 1190 (w), 1082 (m), 1010 
(m), 931 (w), 894 (w), 814 (w), 729 (m), 641 (w), 512 (m), 499 (m) 
 MS: (EI) 
128.1 (16.9, M+), 98.1 (13.8), 87.0 (25.6), 85.1 (30.0), 84.0 (41.6), 71.1 (26.9), 





















 HRMS: calcd for C6H13BO2+:  128.1009, found: 128.1008 
 Analysis: C6H13BO2 (127.98) 
  Calcd:  C, 56.31; H, 10.24 
  Found:  C, 56.30; H, 10.21  
 
Preparation of 5,5-dimethyl-2-phenyl-1,3,2-dioxaborinane (3.3y) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with phenyl boronic acid 3.8y (1.2112 g, 9.93 mmol), and neopentyl glycol 
3.10 (1.0392 g, 9.98 mmol, 1.005 equiv), followed by 50 mL of benzene. The flask was fitted with 
a Dean-Stark apparatus, which was filled with benzene, and a reflux condenser. The mixture was 
heated at reflux and stirred for 4 h under argon, at which point it was cooled to room temperature. 
The benzene was removed by rotary evaporation (30 ºC, 10 mm Hg) to yield 2.11 g of white solid.  
The crude material was transferred to a sublimation apparatus which was heated at 55 °C 
under high vacuum (0.1 mm Hg). The sublimate was collected, to give 1.8466g (98% yield, 9.72 
mmol) of product as a white crystalline solid. 
Data for 3.3y: 
 1H NMR: (500 MHz, CDCl3) 
7.80 (dd, J = 8.1, 1.5 Hz, 2H, HC(5)), 7.43 (tt, J = 7.3, 1.5 Hz, 1H, HC(7)), 7.35 (t, 
J = 7.4 Hz, 2H, HC(6)), 3.77 (s, 4H, HC(3)), 1.03 (s, 6H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
133.96 (s, C(5)), 130.82 (s, C(7)), 127.72 (s, C(6)), 72.46 (s, C(3)), 32.04 (s, 
C(2)), 22.07 (s, C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  27 ppm (br, BC(4)) 




Preparation of (3aR,6aS)-2-cyclopropyltetrahydrofuro[3,4-d][1,3,2]dioxaborole (3.6z) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with cyclopropylboronic acid (3.8z) (859 mg, 10.0 mmol), and cis-
tetrahydrofuran-2,3-diol (3.13) (1.04 g, 10.0 mmol, 1.00 equiv), followed by 50 mL of benzene. 
The flask was fitted with a Dean-Stark apparatus, which was filled with benzene, and a reflux 
condenser. The mixture was heated at reflux using a silicone oil bath pre-heated to 110 ºC and 
stirred for 5 min, at which point it was cooled to room temperature. The benzene was removed by 
rotary evaporation (30 ºC, 30 mm Hg) to provide a faintly yellow oil.  
The crude product was purified by Kugelrohr distillation (65°C, 0.1 mm Hg) to afford 1.37 
mg (89% yield, 8.89 mmol) of analytically pure 3.6z as a clear, colorless oil. 
Data for 3.6z: 
 1H NMR: (500 MHz, CDCl3) 
4.97–4.77 (m, 2 H, HC(2)), 4.00 (d, J = 11.5 Hz, 2 H, HC(1)), 3.44 (ddd, J = 11.5, 
2.5, 1.3 Hz, 2 H, HC(1)), 0.71–0.59 (m, 2 H, HC(4)), 0.52 (dq, J = 6.2, 3.4 Hz, 2 H, 
HC(4)), –0.17 (tt, J = 9.2, 6.0 Hz, 1 H, HC(3)) 
 13C NMR: (126 MHz, CDCl3) 
81.09 (s, C(2)), 74.53 (s, C(1)), 4.11 (s, C(4)) 
 11B NMR: (161 MHz, CDCl3) 
  34 ppm (br, BC(3)) 
 IR: (neat, ATR) 
3086 (w), 2980 (w), 2852 (w), 1448 (m), 1417 (s), 1375 (m), 1329 (w), 1301 (w), 
1238 (s), 1217 (m), 1192 (s), 1101 (m), 1063 (m), 1045 (m), 1033 (m), 1012 (w), 
986 (m), 929 (m), 916 (m), 890 (m), 869 (w), 840 (s), 808 (m), 724 (s), 679 (w), 
656 (m), 578 (w) 
 MS: (EI) 
154.1 (27.7, M+), 124.1 (32.4), 123.1 (89.5), 122.1 (18.8), 112.0 (10.7), 111.1 















80.1 (13.3), 79.1 (21.0), 69.0 (67.6), 68.1 (14.4), 68.0 (25.8), 67.1 (14.7)  
 HRMS: calcd for C7H11BO3+: 154.0801, found: 154.0803 
 Analysis: C7H11BO3 (153.97) 
  Calcd:  C, 54.71; H, 7.20 
  Found:  C, 54.59; H, 7.44 
 
Preparation of (3aR,6aS)-2-(4-Fluorophenyl)-cyclopenta[d][1,3,2]dioxaborole (3.5a) 
 
A 250-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with 4-fluorophenylboronic acid (3.8a) (1.40 g, 10.00 mmol), and cis-
cylopentane-1,2-diol (3.14) (1.02 g, 10.00 mmol, 1.00 equiv), followed by 100 mL of toluene. The 
flask was fitted with a Dean-Stark apparatus, which was filled with toluene, and a reflux condenser. 
The mixture was heated at reflux using a silicone oil bath and stirred for 2 h, at which point it was 
cooled to room temperature. The toluene was removed by rotary evaporation (30 ºC, 23 mm Hg) 
to yield a yellow oil. 
The crude material was transferred to a 50-mL, round-bottomed flask and purified by 
Kugelrohr distillation, heating at 107 °C under high vacuum (0.1 mm Hg) using a silicone oil bath. 
The distillate was collected, to give 1.87 g (9.06 mmol, 91%) of analytically pure 3.5a as a white 
solid. 
Data for 3.5a: 
 mp: 44.6-45.7 °C (sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
7.78 (dd, J = 8.5, 6.3 Hz, 2 H, HC(5)), 7.05 (t, J = 8.9 Hz, 2 H, HC(6)), 5.02–4.95 
(m, 2 H, HC(2)), 2.05–1.96 (m, 2 H, HC(2)), 1.76–1.51 (m, 4 H, HC(1,2)) 
 13C NMR: (126 MHz, CDCl3) 
165.23 (d, 1JCF = 251 Hz, C(7)), 137.20 (d, 3JCF = 8.2 Hz, 2 C(5)), 115.08 (d, 2JCF 























 11B NMR: (161 MHz, CDCl3) 
  30 ppm (br, BC(4)) 
 19F NMR: (471 MHz, CDCl3) 
  -108.27 ppm (s, FC(7)) 
 IR: (neat, ATR) 
2968 (w), 1595 (m), 1588 (m), 1400 (s), 1379 (m), 1364 (s), 1330 (m), 1311 (s), 
1288 (m), 1236 (m), 1213 (s), 1161 (m), 1104 (s), 1092 (m), 1080 (s), 1023 (m), 
1018 (m), 949 (m), 930 (m), 898 (w), 844 (s), 831 (s), 811 (s), 803 (m), 777 (w), 
728 (s), 663 (m), 646 (s), 629 (m), 597 (m), 572 (s), 556 (m), 508 (m) 
 MS: (EI) 
206.1 (66.7, M+), 205.1 (16.3), 178.1 (63.8), 177.1 (100.0), 176.1 (19.7), 164.0 
(12.8), 123.0 (17.1), 122.0 (13.8) 
 HRMS: calcd for C11H12BFO2+: 206.0914, found: 206.0913 
 Analysis: C11H12BFO2 (206.02) 
  Calcd:  C, 64.13; H, 5.87 
  Found:  C, 63.78; H, 5.83 
 
Preparation of (3aR,6aS)-2-(4-Fluorophenyl)tetrahydrofuro[3,4-d][1,3,2]dioxaborole (3.6a) 
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with 4-fluorophenylboronic acid (3.8a) (700 mg, 5.00 mmol), and cis-
tetrahydrofuran-2,3-diol (3.13) (521 mg, 5.00 mmol, 1.00 equiv), followed by 50 mL of benzene. 
The flask was fitted with a Dean-Stark apparatus, which was filled with benzene, and a reflux 
condenser. The mixture was heated at reflux using a silicone oil bath and stirred for 1 h, at which 
point it was cooled to room temperature. The toluene was removed by rotary evaporation (30 ºC, 
23 mm Hg) to yield a white solid. 
The crude material was transferred to a sublimation apparatus which was heated at 105 °C 























give 921 mg (4.43 mmol, 89%) of analytically pure 3.6a as a white solid. 
Data for 3.6a: 
 mp: 128.2-128.9 °C (sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
7.78 (dd, J = 8.5, 6.3 Hz, 2 H, HC(4)), 7.06 (t, J = 8.9 Hz, 2 H, HC(5)), 5.08 (dd, J 
= 2.4, 1.1 Hz, 2 H, HC(2)), 4.15 (d, J = 11.6 Hz, 2 H, HC(1)), 3.55 (ddd, J = 11.6, 
2.4, 1.2 Hz, 2 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
165.36 (d, 1JCF = 251 Hz, C(6)), 137.29 (d, 3JCF = 8.3 Hz, 2 C(4)), 115.17 (d, 2JCF 
= 20.3 Hz, 2 C(5)), 82.01 (s, 2 C(2)), 74.80 (s, 2 C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  31 ppm (br, BC(3)) 
 19F NMR: (471 MHz, CDCl3) 
  -107.77 ppm (s, FC(6)) 
 IR: (neat, ATR) 
3065 (w), 2985 (w), 2926 (w), 2860 (w), 1605 (m), 1590 (m), 1513 (w), 1461 (w), 
1399 (m), 1362 (s), 1298 (s), 1269 (w), 1228 (w), 1210 (s), 1196 (m), 1166 (w), 
1154 (m), 1105 (s), 1087 (m), 1075 (m), 1056 (s), 1019 (m), 988 (m), 954 (w), 922 
(s), 889 (m), 862 (w), 843 (s), 827 (m), 815 (m), 784 (w), 729 (s), 652 (m), 634 (s), 
579 (s), 527 (w), 508 (w), 462 (w) 
 MS: (EI) 
209.1 (11.0), 208.1 (88.7, M+), 207.1 (24.6), 178.1 (73.4), 177.1 (100.0), 176.1 
(19.1), 165.1 (52.7), 164.1 (18.3), 123.1 (33.3), 122.1 (39.6), 109.1 (15.7) 
 HRMS: calcd for C10H10BFO3+: 208.0707, found: 208.0702 
 Analysis: C10H10BFO3 (208.00) 
  Calcd:  C, 57.75; H, 4.85 




Preparation of (3aR,6aS)-2-(Furan-2-yl)-cyclopenta[d][1,3,2]dioxaborole (3.5b) 
 
 
A 50-mL, round-bottomed flask containing a 1.0-cm x 0.5-cm football-shaped magnetic 
stir bar was charged with furan-2-ylboronic acid (3.8b) (112 mg, 1.00 mmol), and cis-cylopentane-
1,2-diol (3.14) (102 mg, 1.00 mmol, 1.00 equiv), followed by 25 mL of benzene. The flask was 
fitted with a Dean-Stark apparatus, which was filled with benzene, and a reflux condenser. The 
mixture was heated at reflux using a silicone oil bath and stirred for 3 h, at which point it was 
cooled to room temperature. The toluene was removed by rotary evaporation (30 ºC, 23 mm Hg) 
to yield a yellow oil. 
The crude material was purified by Kugelrohr distillation, heating at 120 °C under high 
vacuum (0.1 mm Hg) using a silicone oil bath. The distillate was collected, to give 163 mg (0.92 
mmol, 92%) of analytically pure 3.5b as a colorless oil which was immediately stored under argon 
to prevent degradation. 
Data for 3.5b: 
 1H NMR: (500 MHz, CDCl3) 
7.65 (d, J = 1.6 Hz, HC(5)), 7.06 (d, J = 3.4 Hz, HC(6)), 6.44 (dd, J = 3.3, 1.6 Hz, 
HC(7)), 5.05–4.91 (m, 2 H, HC(3)), 2.10–1.98 (m, 2 H, HC(2)), 1.77–1.46 (m, 4 H, 
HC(1,2)) 
 13C NMR: (126 MHz, CDCl3) 
147.56 (s, C(5)), 132.52 (s, C(6)), 100.49 (s, C(7)), 83.22 (s, 2 C(3)), 34.69 (s, 2 
C(2)), 21.71 (s, C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  27 ppm (br, BC(4)) 
 IR: (neat, ATR) 
2963 (w), 1576 (s), 1485 (s), 1415 (w), 1391 (s), 1381 (m), 1372 (m), 1363 (m), 
1348 (s), 1329 (m), 1303 (s), 1246 (w), 1231 (s), 1207 (m), 1160 (s), 1103 (s), 1088 
(s), 1075 (s), 1027 (s), 1007 (s), 955 (s), 927 (w), 906 (m), 894 (w), 886 (m), 820 























 MS: (EI) 
324.0 (11.1), 296.0 (16.1), 295.0 (25.5), 197.1 (14.3), 179.1 (13.5), 178.1 (100.0, 
M+), 177.1 (25.5), 150.1 (52.4), 149.1 (90.0), 148.1 (21.9), 137.1 (10.4), 136.1 
(11.9), 100.1 (14.4), 99.1 (23.9), 94.1 (21.2), 67.1 (10.3), 55.2 (11.3) 
 HRMS: calcd for C9H11BO3+: 178.0801, found: 171.0804 
 Analysis: C9H11BO3 (177.99) 
  Calcd:  C, 60.73; H, 6.23 
  Found:  C, 60.38; H, 6.27 
 
Preparation of (3aR,6aS)-2-(Furan-2-yl)tetrahydrofuro[3,4-d][1,3,2]dioxaborole (3.6b) 
 
A 50-mL, round-bottomed flask containing a 1.0-cm x 0.5-cm football-shaped magnetic 
stir bar was charged with furan-2-ylboronic acid (3.8b) (112 mg, 1.00 mmol), and cis-
tetrahydrofuran-2,3-diol (3.13) (104 mg, 1.00 mmol, 1.00 equiv), followed by 25 mL of benzene. 
The flask was fitted with a Dean-Stark apparatus, which was filled with benzene, and a reflux 
condenser. The mixture was heated at reflux using a silicone oil bath and stirred for 2 h, at which 
point it was cooled to room temperature. The toluene was removed by rotary evaporation (30 ºC, 
23 mm Hg) to yield a white solid. 
The crude material was transferred to a sublimation apparatus which was heated at 95 °C 
for 14 h under high vacuum (0.1 mm Hg) using a silicone oil bath. The sublimate was collected, 
to give 137 mg (0.76 mmol, 76%) of analytically pure 3.6b as a white solid. 
Data for 3.6b: 
 mp: 125.6-126.3 °C (sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
7.66 (dd, J = 1.7, 0.7 Hz, HC(4)), 7.08 (dd, J = 3.4, 0.7 Hz, HC(5)), 6.45 (dd, J = 
3.4, 1.6 Hz, HC(6)), 5.09 (dd, J = 3.4, 1.6 Hz, 2 H, HC(2)), 4.16 (d, J = 11.6 Hz, 2 























 13C NMR: (126 MHz, CDCl3) 
147.81 (s, C(4)), 124.10 (s, C(5)), 110.58 (s, C(6)), 82.14 (s, 2 C(2)), 74.65 (s, 2 
C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  27 ppm (br, BC(3)) 
 IR: (neat, ATR) 
2867 (w), 1577 (m), 1482 (m), 1408 (w), 1388 (m), 1380 (m), 1371 (m), 1347 (s), 
1304 (m), 1225 (m), 1199 (m), 1161 (m), 1108 (m), 1095 (s), 1071 (m), 1055 (m), 
1027 (m), 1002 (m), 984 (m), 925 (m), 910 (s), 898 (m), 885 (m), 857 (m), 832 (m), 
782 (m), 756 (s), 724 (s), 695 (m), 683 (s), 596 (s), 587 (s) 
 MS: (EI) 
180.1 (100.0, M+), 179.1 (22.3), 150.1 (34.6), 149.1 (67.3), 148.1 (18.4), 137.1 
(34.1), 136.1 (17.3), 121.1 (11.6), 95.1 (15.8), 94.1 (62.8), 93.1 (17.5), 81.1 (15.0), 
51.1 (11.1) 
 HRMS: calcd for C8H9BO4+: 180.0594, found: 180.0592 
 Analysis: C8H9BO4 (179.97) 
  Calcd:  C, 53.39; H, 5.04 





A 50-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with (3,5-bis(trifluoromethyl)phenyl)boronic acid (3.8c) (774 mg, 3.00 mmol), 
and cis-cyclopentane-1,2-diol (3.14) (308 mg, 3.00 mmol, 1.00 equiv), followed by 20 mL of 
toluene. The flask was fitted with a Dean-Stark apparatus, which was filled with benzene, and a 


























at which point it was cooled to room temperature. The toluene was removed by rotary evaporation 
(30 ºC, 23 mm Hg) to yield a colorless oil. 
The crude material was transferred to a 50-mL round-bottomed flask, and purified by 
Kugelrohr distillation. The distillate was collected to yield 892 mg (2.75 mmol, 92%) of 
analytically pure 3.5c as a colorless oil. 
Data for 3.5c: 
 1H NMR: (500 MHz, CDCl3) 
8.22 (s, 2 H, HC(5)), 7.95 (s, 1 H, HC(7)), 5.06 (d, J = 2.8 Hz, 2 H, HC(3)), 2.15–
1.94 (m, 2 H, HC(2)), 1.82–1.57 (m, 4 H, HC(1,2)) 
 13C NMR: (126 MHz, CDCl3) 
134.74 (q, 3JCF = 3.5 Hz, 2 C(5)), 130.95 (q, 2JCF = 33 Hz, 2 C(6)), 124.77 (sept, 
3JCF = 3.8 Hz, C(7)), 123.44 (q, 1JCF = 273 Hz, 2 C(8)), 83.49 (s, 2 C(3)), 34.55 (s, 
2 C(2)), 21.53 (s, C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  30 ppm (br, BC(4)) 
 19F NMR: (471 MHz, CDCl3) 
  -62.82 ppm (s, 3 FC(7)) 
 IR: (neat, ATR) 
2970 (w), 1738 (w), 1620 (w), 1468 (w), 1433 (w), 1413 (w), 1389 (w), 1336 (m), 
1275 (s), 1244 (w), 1228 (m), 1213 (m), 1170 (m), 1126 (s), 1102 (m), 1094 (m), 
1026 (s), 958 (m), 927 (w), 906 (m), 895 (w), 869 (w), 843 (m), 828 (w), 811 (w), 
749 (w), 707 (m), 681 (s), 601 (w), 567 (w), 490 (w) 
 MS: (EI) 
  324.1 (56.4, M+), 305.1 (13.7), 296.1 (60.6), 295.0 (100.0), 294.1 (19.4) 
 HRMS: calcd for C13H11BF6O2+: 324.0756, found: 324.0763 
 Analysis: C13H11BF6O2 (324.03) 
  Calcd:  C, 48.19; H, 3.42 







d][1,3,2]dioxaborole (3.6c)  
 
A 100-mL, round-bottomed flask containing a 2.0-cm x 1.0-cm football-shaped magnetic 
stir bar was charged with (3,5-bis(trifluoromethyl)phenyl)boronic acid (3.8c) (774 mg, 3.00 mmol), 
and cis-tetrahydrofuran-2,3-diol (3.13) (312 mg, 3.00 mmol, 1.00 equiv), followed by 50 mL of 
benzene. The flask was fitted with a Dean-Stark apparatus, which was filled with benzene, and a 
reflux condenser. The mixture was heated at reflux using a silicone oil bath and stirred for 1 h, at 
which point it was cooled to room temperature. The benzene was removed by rotary evaporation 
(30 ºC, 23 mm Hg) to yield an off-white solid. 
The crude material was transferred to a sublimation apparatus which was heated at 105 °C 
for 5 h under high vacuum (0.1 mm Hg) using a silicone oil bath. The sublimate was collected, to 
give 865 mg (2.60 mmol, 87%) of analytically pure 3.6c as a white solid. 
Data for 3.6c: 
 mp: 142.6-143.9 °C (sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
8.22 (s, 2 H, HC(4)), 7.97 (s, 1 H, HC(6)), 5.16 (dd, J = 2.6, 1.2 Hz, 2 H, HC(2)), 
4.19 (d, J = 2.4, 1.2 Hz, 2 H, HC(1)), 3.57 (ddt, J = 10.4, 2.4, 1.2 Hz, 2 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
134.92 (s, 2 C(4)), 131.20 (q, 2J(C-F) = 33.3 Hz, 2 C(5)), 125.19 (sept, 3J(C-F) = 
3.8 Hz, C(6)), 123.53 (q, 1J(C-F) = 273 Hz, 2 C(7)), 82.54 (s, 2 C(2)), 74.64 (s, 2 
C(1)) 
 11B NMR: (161 MHz, CDCl3) 
  31 ppm (br, BC(3)) 
 19F NMR: (471 MHz, CDCl3) 



























 IR: (neat, ATR) 
2997 (w), 2869 (w), 1618 (w), 1434 (w), 1414 (w), 1387 (w), 1335 (m), 1281 (s), 
1225 (m), 1198 (w), 1179 (m), 1163 (s), 1119 (s), 1088 (s), 1056 (m), 1027 (m), 
989 (w), 945 (w), 917 (s), 894 (m), 874 (m), 841 (m), 821 (m), 726 (m), 711 (s), 
680 (s), 570 (w), 485 (w) 
 MS: (EI) 
326.0 (10.7, M+), 307.0 (22.6), 296.0 (61.4), 295.0 (100.0), 294.0 (22.3), 283.0 
(39.5), 282.0 (38.5), 241.0 (18.0) 
 HRMS: calcd for C12H9BO3F6+: 326.0549, found: 326.0547 
 Analysis: C12H9BO3F6 (326.00) 
  Calcd:  C, 44.21; H, 2.78 
  Found:  C, 44.02; H, 2.72 
 
General Procedures for Cross-Coupling: 
Cross-Coupling: General Procedure A: 
To a flame-dried, 50-mL, round-bottomed flask fitted with a septum and containing a 1.0-
cm x 0.5-cm rod-shaped stir bar was placed the boronic ester (1.20 equiv) and Pd-P(t-Bu)3-G3 
(0.02 equiv). The reaction vessel was evacuated and backfilled with argon three times. Dry, 
degassed THF (3.60 mL) and aryl bromide (1.00 equiv) were added by syringe. In an oven-dried, 
2-mL, volumetric flask was placed 256 mg (2.00 mmol) of TMSOK followed by sufficient THF 
to give a 1.00 M solution. This solution was taken up in a 3-mL syringe equipped with a syringe 
filter. The filter was removed, and the excess solution discarded leaving 1.40 mL of a 1.0 M 
solution of TMSOK in THF (1.40 equiv). The TMSOK solution was added to the reaction flask 
dropwise over 15 sec. The reaction mixture was stirred at room temperature for an additional 4 
min and 45 sec, at which point it was quenched by addition of 3 mL of a 1.0 M aqueous solution 
of HCl. A 19F NMR spectrum of the organic layer was taken to establish conversion, and the 
biphasic mixture was extracted three times with ethyl acetate (3 x 20 mL). The combined organic 
layers were dried over sodium sulfate (12 g) then were filtered and concentrated by rotary 
evaporation (30 ºC, 75 mm Hg). The crude material was purified by silica gel column 





Cross-Coupling: General Procedure B: 
To a flame-dried, 50-mL, round-bottomed flask fitted with a septum and containing a 1.0-
cm x 0.5-cm rod-shaped stir bar was placed the boronic ester (1.20 equiv) and Pd-P(t-Bu)3-G3 
(0.02 equiv). The reaction vessel was evacuated and backfilled with argon three times. Dry, 
degassed THF (3.60 mL) and aryl bromide (1.00 equiv) were added by syringe. In an oven-dried, 
2-mL, volumetric flask was placed 256 mg (2.00 mmol) of TMSOK followed by sufficient THF 
to give a 1.00 M solution. This solution was taken up in a 3-mL syringe equipped with a syringe 
filter. The filter was removed, and the solution was dispensed into a flame-dried, argon-purged, 
20-mL scintillation vial fitted with a septum cap. A portion of TMSOK solution (0.9 mL, 0.9 mmol, 
0.9 equiv) was added to the reaction flask. The reaction mixture was stirred at room temperature 
until 25% of the desired reaction time, at which point second portion of 1.0 M TMSOK solution 
in THF (0.5 mL, 0.5 mmol, 0.5 equiv) was added. Once the reaction time had elapsed, the reaction 
was quenched by addition of 3 mL of a 1.0 M aqueous solution of HCl. A 19F NMR spectrum of 
the organic layer was taken to establish conversion, and the biphasic mixture was extracted three 
times with ethyl acetate (3 x 20 mL). The combined organic layers were dried over sodium sulfate 
(12 g) then were filtered and concentrated by rotary evaporation (30 ºC, 75 mm Hg). The crude 
material was purified by silica gel column chromatography to give the desired product.  
 
Cross-Coupling Products of Boronic Esters 
Preparation of 3,4,5-Trimethoxy-4'-(trifluoromethyl)-1,1'-biphenyl (3.4ea) 
 
Following General Procedure A, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3e (333 mg, 1.20 mmol, 1.20 equiv). The crude material was 
purified by silica gel column chromatography (3.0 cm column, 30 g of silica gel) eluting with 400 
mL of hexanes/ethyl acetate, 99:1, followed by 200 mL of hexanes/ethyl acetate, 49:1, followed 
by 200 mL of hexanes/ethyl acetate, 24:1, followed by 200 mL of hexanes/ethyl acetate, 12:1. The 






























313 mg (1.00 mmol, 100% yield) of analytically pure 3.4ea as a white solid. 
Data for 3.4ea: 
 mp: 78.3-79.6 ºC (sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
7.71–7.62 (m, 4 H, HC(3,4)), 6.78 (s, 2 H, HC(7)), 3.94 (s, 6 H, HC(10)), 3.94 (s, 
3 H, HC(11)) 
 13C NMR: (126 MHz, CDCl3) 
153.76 (s, C(8)), 144.96 (s, C(6)), 138.48 (s, C(9)), 135.78 (s, C(5)), 129.45 (q, 
2JCF = 32.5 Hz, C(2)), 127.49 (s, 2 C(4)), 125.79 (q, 3JCF = 3.8 Hz, 2 C(3)), 124.39 
(q, 1JCF = 271.9 Hz, C(1)), 104.74 (s, 2 C(7)), 61.11 (s, C(11)), 56.38 (s, 2 C(10)) 
 19F NMR: (471 MHz, CDCl3) 
  –62.33 ppm (s, 3 FC(1)) 
 IR: (neat, ATR) 
3001 (w), 2938 (w), 1574 (m), 1503 (w), 1476 (m), 1461 (m), 1418 (m), 1397 
(m), 1376 (w), 1334 (s), 1309 (m), 1268 (m), 1247 (m), 1228 (s), 1175 (m), 1148 
(m), 1118 (s), 1061 (m), 1003 (s), 950 (w), 929 (w), 917 (w), 853 (m), 812 (m), 
767 (m), 740 (m), 708 (w), 682 (s), 654 (w), 578 (w), 550 (w), 534 (w), 497 (m) 
 MS: (EI) 
313.1 (16.9), 312.1 (100.0, M+), 298.1 (12.9), 297.1 (80.1), 269.1 (41.9), 254.1 
(18.9), 239.0 (17.7), 237.1 (10.7), 209.1 (12.8) 
 HRMS: calcd for C16H16O3F3+: 313.1052, found: 313.1049 
 TLC: Rƒ 0.27 (hexanes/EtOAc, 85:15, UV) 
 Analysis: C16H15BF3O3 (312.29) 
  Calcd:  C, 61.54; H, 4.84 





Preparation of 5-(4-(Trifluoromethyl)phenyl)benzo[d][1,3]dioxole (3.4da) 
 
Following General Procedure A, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3d (281 mg, 1.20 mmol, 1.20 equiv). The crude material was 
purified by silica gel column chromatography (2.5 cm column, 30 g of silica gel) eluting with 300 
mL of hexanes/ethyl acetate, 39:1. The pure fractions were combined and concentrated by rotary 
evaporation (30 ºC, 75 mm Hg). Several mixed fractions were repurified by silica gel column 
chromatography (3.0 cm column, 45 g of silica gel) eluting first with 200 mL of hexanes/ethyl 
acetate, 99:1, followed by 200 mL of hexanes/ethyl acetate 39:1. The pure fractions were combined 
and concentrated by rotary evaporation (30 ºC, 75 mm Hg) and the material was combined to give 
252 mg (0.946 mmol, 95% yield) of 3.4da as a white solid. Spectroscopic data was in agreement 
with literature values.21 
Data for 3.4da: 
 1H NMR: (500 MHz, CDCl3) 
7.68 (d, J = 8.4 Hz, 2 H, HC(10)), 7.63 (d, J = 8.2 Hz, 2 H, HC(9)), 7.16–7.05 (m, 
2 H, HC(1,6)), 6.98–6.88 (m, 1 H, HC(5)), 6.05 (s, 2 H, HC(3)) 
 13C NMR: (126 MHz, CDCl3) 
148.51 (s, C(4)), 147.99 (s, C(2)), 144.53 (s, C(7)), 134.16 (s, C(8)), 129.13 (q, 
2JCF = 32.5 Hz, C(11)), 127.22 (s, 2 C(9)), 125.83 (q, 3JCF = 3.8 Hz, 2 C(10)), 
124.45 (q, 1JCF = 271.9 Hz, C(12)), 121.16 (s, C(6)), 108.91 (s, C(5)), 107.81 (s, 
C(1)), 101.51 (s, C(3)) 
 19F NMR: (471 MHz, CDCl3) 
  –62.31 ppm (s, 3 FC(12)) 
 HRMS: calcd for C14H9BO2F3+: 266.0555, found: 266.0553 
 
  

























Preparation of 4-Methoxy-4'-(trifluoromethyl)-1,1'-biphenyl (3.4fa) 
 
Following General Procedure A, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3f (264 mg, 1.20 mmol, 1.20 equiv). The crude material was 
purified by silica gel column chromatography (3.0 cm column, 30 g of silica gel) eluting with 300 
mL of hexanes/ethyl acetate, 199:1. The pure fractions were combined and concentrated by rotary 
evaporation (30 ºC, 75 mm Hg) to give 248 mg (0.985 mmol, 99%) of 3.4fa as a faint yellow oil. 
Spectroscopic data was in agreement with literature values.22 
Data for 3.4fa: 
 1H NMR: (500 MHz, CDCl3) 
7.69–7.61 (m, 4 H, HC(6,7)), 7.55 (d, J = 8.5 Hz, 2 H, HC(4)), 7.01 (d, J = 8.5 
Hz, 2 H, HC(3)), 3.87 (s, 3 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
159.85 (s, C(2)), 144.29 (s, C(6)), 132.18 (s, C(5)), 128.69 (q, 2JCF = 32.36 Hz, 
C(9)), 128.34 (s, 2 C(4)), 126.86 (s, 2 C(7)), 125.66 (q, 3JCF = 3.78 Hz, 2 C(8)), 
124.37 (q, 1JCF = 271.84 Hz, C(10)), 114.43 (s, 2 C(3)), 55.38 (s, C(1)) 
 19F NMR: (471 MHz, CDCl3) 
  –62.26 ppm (s, 3 FC(10)) 
 HRMS: calcd for C14H11OF3S+: 252.0762, found: 252.0759 
 
Preparation of 3-Fluoro-5-methoxy-4'-(trifluoromethyl)-1,1'-biphenyl (3.4ga) 
 
Following General Procedure A, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3g (286 mg, 1.20 mmol, 1.20 equiv). The crude material was 
purified by silica gel column chromatography (3.0 cm column, 45 g of silica gel) eluting with 600 












































mL of hexanes/ethyl acetate, 99:1. The pure fractions were combined and concentrated by rotary 
evaporation (7.5 mm Hg, 30 ºC) to give 239 mg (0.89 mmol, 89% yield) of 3.4ga as a faint yellow 
oil. 
 The product was further purified to analytical purity by Kugelrohr distillation. The material 
was transferred into a 35-mL, round-bottomed flask, and was distilled at 130 ºC under high vacuum 
(0.1 mm Hg). The distillate was collected to yield 216 mg (0.80 mmol, 90% recovery) of 
analytically pure 3.4ga as a white solid. 
Data for 3.4ga: 
 mp: 41.5-42.0 ºC (sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
7.70 (d, J = 8.3 Hz, 2 H, HC(3)), 7.66 (d, J = 8.4 Hz, 2 H, HC(4)), 6.95–6.86 (m, 
2 H, HC(7,11)), 6.66 (dt, J = 10.5, 2.2 Hz, 1 H, HC(9)), 3.86 (s, 3 H, HC(12)) 
 13C NMR: (126 MHz, CDCl3) 
164.09 (d, 1JCF = 245 Hz, C(8)), 161.45 (d, 3JCF = 11.5 Hz, C(10)), 143.68 (s, 
C(5)), 142.51 (d, 3JCF = 10.0 Hz, C(6)), 130.16 (q, 2JCF = 32.6 Hz, C(2)), 127.57 
(s, 2 C(4)), 125.95 (q, 3JCF = 3.8 Hz, 2 C(3)), 124.29 (q, 1JCF = 272 Hz, C(1)), 
109.34 (d, 4JCF = 2.6 Hz, C(11)), 106.76 (d, 2JCF = 22.7 Hz, C(7)), 101.21 (d, 2JCF 
= 25.2 Hz, C(9)), 55.84 (s, C(12)).  
 19F NMR: (471 MHz, CDCl3) 
  –62.37 ppm (s, 3 FC(1)), –110.92 ppm (s, FC(8)) 
 IR: (neat, ATR) 
3021 (w), 2978 (w), 2951 (w), 2848 (w), 1930 (w), 1618 (m), 1591 (m), 1573 
(m), 1475 (w), 1452 (w), 1440 (w), 1401 (m), 1345 (m), 1320 (s), 1215 (m), 1187 
(m), 1163 (m), 1140 (s), 1109 (s), 1076 (m), 1062 (s), 1041 (s), 1017 (s), 969 (m), 
958 (m), 864 (m), 833 (s), 767 (w), 747 (w), 688 (m), 674 (m), 639 (w), 618 (m), 
608 (m), 600 (m), 582 (w), 533 (m), 487 (w) 
 MS: (EI) 
271.1 (39.3), 270.1 (100.0, M+), 240.1 (30.2), 227.1 (42.9), 201.1 (12.2), 171.1 
(11.3), 170.0 (15.0) 
 HRMS: calcd for C14H10F4O +: 270.0668, found: 270.0663 
 TLC: Rƒ 0.30 (hexanes/EtOAc, 95:5, UV) 
 
 462 
 Analysis: C14H10F4O (270.23) 
  Calcd:  C, 62.23; H, 3.73  
  Found:  C, 62.03; H, 3.64 
 
Preparation of 2-(4-(Trifluoromethyl)phenyl)naphthalene (3.4ha) 
 
Following General Procedure A, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3h (288 mg, 1.20 mmol, 1.20 equiv). The crude material was 
purified by silica gel column chromatography (3.0 cm column, 75 g of silica gel) eluting with 500 
mL of hexanes/dichloromethane, 85:15. The pure fractions were combined and concentrated by 
rotary evaporation (30 ºC, 75 mm Hg) to give 250 mg (0.919 mmol, 92% yield) of 3.4ha as a white 
solid. Spectroscopic data was in agreement with literature values.22 
Data for 3.4ha: 
 1H NMR: (500 MHz, CDCl3) 
8.09 (s, 1 H, HC(7)), 7.98 (d, J = 8.5 Hz, 1 H, HC(14)), 7.96–7.88 (m, 2 H, 
HC(9,12)), 7.85 (d, J = 8.2 Hz, 2 H, HC(4)), 7.79–7.73 (m, 3 H, HC(15, 3)), 7.60–
7.61 (m, 2 H, HC(10, 11) 
 13C NMR: (126 MHz, CDCl3) 
144.66 (s, C(5)), 137.05 (s, C(6)), 133.55 (s, C(8)), 132.97 (s, C(13)), 129.40 (q, 
2JCF = 32.6 Hz, C(2)), 128.76 (s, C(14)), 128.31 (s, C(9)), 127.70 (s, C(12)), 
127.67 (s, 2 C(4)), 126.59 (s, C(7)), 126.48 (s, C(10)), 126.35 (s, C(11)), 125.79 
(q, 3JCF = 3.8 Hz, 2 C(3)), 125.19 (s, C(15)), 124.32 (q, 1JCF = 276 Hz, C(1)) 
 19F NMR: (471 MHz, CDCl3) 
  –62.31 ppm (s, 3 FC(1))  
 HRMS: calcd for C17H11F3+: 272.0813, found: 272.0804 
 
  



























Preparation of 1-(4-(Trifluoromethyl)phenyl)naphthalene (3.4ia) 
 
Following General Procedure A, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3i (288 mg, 1.20 mmol, 1.20 equiv). The total reaction time was 5 
min. The crude material (0.49 g) was purified by silica gel column chromatography (3.0 cm column, 
30 g silica gel) eluting with pure hexanes. The pure fractions were combined and concentrated by 
rotary evaporation (35 ºC, 10 mm Hg). The product was dried under vacuum (0.1 mm Hg) to afford 
266 mg (0.98 mmol, 98% yield) of pure 3.4ia as a white solid. Spectroscopic data was in agreement 
with literature values.22 
Data for 3.4ia: 
 1H NMR: (500 MHz, CDCl3) 
7.94 (d, J =8.1 Hz, 1 H, HC(13)), 7.92 (d, J =9.0 Hz, 1 H, HC(11)), 7.82 (d, J =8.3 
Hz, 1 H, HC(8)), 7.77 (d, J =7.9 Hz, 2 H, HC(3)), 7.63 (d, J =7.9 Hz, 2 H, 
HC(4)), 7.60–7.50 (m, 2 H, HC(10,14)), 7.50–7.44 (m, 1 H, HC(9)), 7.43 (d, J = 
7.0 Hz, 1 H, HC(15)) 
 13C NMR: (126 MHz, CDCl3) 
144.64 (s, C(5)), 138.88 (s, C(6)), 133.94 (s, C(12)), 131.41 (s, C(7)), 130.54 (s, 2 
C(4)), 129.64 (q, 2JCF = 32.5 Hz, C(2)), 128.58 (s, C(13)), 128.54 (s, C(11)), 
127.16 (s, C(15)), 126.59 (s, C(9)), 126.18 (s, C(10)), 125.65 (s, C(8)), 125.49 (s, 
C(14)), 125.39 (q, 3JCF = 3.8 Hz, 2 C(3)), 124.47 (q, 1JCF = 272 Hz, C(1)) 
 19F NMR: (471 MHz, CDCl3) 
  -62.30 ppm (s, 3 FC(1)) 



























Preparation of 4-Fluoro-4'-(trifluoromethyl)-1,1'-biphenyl (3.4aa) 
 
Following General Procedure A, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3a (250 mg, 1.20 mmol, 1.20 equiv). The crude material was 
purified by silica gel column chromatography (3.0 cm column, 45 g of silica gel) eluting with 300 
mL of hexanes/ethyl acetate, 199:1. The pure fractions were combined and concentrated by rotary 
evaporation (30 ºC, 75 mm Hg) to give 235 mg (0.98 mmol, 98% yield) of 3.4aa as a clear, 
colorless oil which solidified upon standing. Spectroscopic data was in agreement with literature 
values.22  
Data for 3.4aa: 
 1H NMR: (500 MHz, CDCl3) 
7.69 (d, J = 8.4 Hz, 2 H, HC(3)), 7.64 (d, J = 8.2 Hz, 2 H, HC(4)), 7.56 (dd, J = 
8.6, 5.3 Hz, 2 H, HC(7)), 7.16 (t, J = 8.6 Hz, 2 H, HC(8)) 
 13C NMR: (126 MHz, CDCl3) 
163.11 (d, 1JCF = 248.0 Hz, C(9)), 143.86 (s, C(5)), 136.02 (d, 4JCF = 3.2 Hz, 
C(6)), 129.54 (q, 2JCF = 32.6 Hz, C(2)), 129.07 (d, 3JCF = 8.2 Hz, 2 C(7)), 127.42 
(s, 2 C(4)), 125.93 (q, 3JCF = 3.8 Hz, 2 C(3)), 124.39 (q, 1JCF = 272.0 Hz, C(1)), 
116.09 (d, 2JCF = 21.6 Hz, 2 C(8)) 
 19F NMR: (471 MHz, CDCl3) 
  –62.38 ppm (s, 3 FC(1)), –114.10 ppm (s, FC(9)) 
 HRMS: calcd for C13H8F4+: 240.0562, found: 240.0570 
 
Preparation of 3,4',5-Tris(trifluoromethyl)-1,1'-biphenyl (3.4ca) 
 
Following General Procedure B, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
3.3a
B(neop)








































combined with boronic ester 3.3c (391 mg, 1.20 mmol, 1.20 equiv). The total reaction time was 
15 min. The crude material was purified by silica gel column chromatography (3.0 cm column, 45 
g of silica gel) eluting with 500 mL of hexanes/ethyl acetate, 99:1, The pure fractions were 
combined and concentrated by rotary evaporation (30 ºC, 75 mm Hg) to give 339 mg (0.948 mmol, 
95% yield) of 3.4ca as a white solid. Spectroscopic data was in agreement with literature values.23 
Data for 3.4ca: 
 1H NMR: (500 MHz, CDCl3) 
8.02 (s, 2 H, HC(7)), 7.93 (s, 1 H, HC(9)), 7.78 (d, J = 8.3 Hz, 2 H, HC(3)), 7.73 
(d, J = 8.2 Hz, 2 H, HC(4)) 
 13C NMR: (126 MHz, CDCl3) 
142.03 (s, C(6)), 141.82 (s, C(5)), 132.62 (q, 2JCF = 33.5 Hz, 2 C(8)), 131.19 (q, 
2JCF = 32.9 Hz, C(2)), 127.85 (s, 2 C(4)), 127.68–127.46 (m, 2 C(7)), 126.42 (q, 
3JCF = 3.7 Hz, 2 C(3)), 124.06 (q, 1JCF = 272.2 Hz, C(1)), 123.73 (q, 1JCF = 272.8 
Hz, 2 C(10)), 122.02 (sep, 3JCF = 3.8 Hz, C(9)) 
 19F NMR: (471 MHz, CDCl3) 
  –62.61 ppm (s, 3 FC(1)), –62.79 ppm (s, 6 FC(10)) 
 HRMS: calcd for C15H7F9+: 358.0404, found: 358.0416 
 
Preparation of 4-(Methanelsulfonyl)-4'-(trifluoromethyl)-1,1'-biphenyl (3.4ja) 
 
Following General Procedure B, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3j (322 mg, 1.20 mmol, 1.20 equiv). The total reaction time was 15 
min. The crude material was purified by silica gel column chromatography (3.0 cm column, 45 g 
of silica gel) eluting with 400 mL of dichloromethane/hexanes, 1:1, followed by 900 mL of 
dichloromethane/hexanes, 5:1, followed by 300 mL of dichloromethane. The pure fractions were 
combined and concentrated by rotary evaporation (30 ºC, 75 mm Hg) to give 266 mg (0.89 mmol, 
89% yield) of 3.4ja as a white solid. 
 A portion of the product was further purified to analytical purity by sublimation. To a 



























sublimation apparatus was transferred 188 mg (0.63 mmol) of the product, and the sublimation 
apparatus was heated at 145 ºC under high vacuum (0.1 mm Hg) using a silicone oil bath for 4 h. 
The sublimate was collected to yield 173 mg (0.58 mmol, 92% recovery) of product as a white 
solid. To a sublimation apparatus was transferred 130 mg (0.43 mmol) of the sublimed product, 
and the sublimation apparatus was heated at 140 ºC under high vacuum (0.1 mm Hg) using a 
silicone oil bath for 18 hours. The sublimate was collected to yield 114 mg (0.38 mmol, 88% 
recovery) of analytically pure 3.4ja as a white solid. 
Data for 3.4ja: 
 mp: 160.5-161.0 ºC (sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
8.05 (d, J = 8.4 Hz, 2 H, HC(8)), 7.79 (d, J = 8.4 Hz, 2 H, HC(7)), 7.76 (d, J = 8.4 
Hz, 2 H, HC(3)), 7.72 (d, J = 8.4 Hz, 2 H, HC(4)), 3.11 (s, 3 H, HC(10)) 
 13C NMR: (126 MHz, CDCl3) 
145.32 (s, C(6)), 142.78 (s, C(5)), 140.26 (s, C(9)), 130.89 (q, 2JCF = 32.8 Hz, 
C(2)), 128.39 (s, 2 C(7)), 128.29 (s, 2 C(8)), 127.93 (s, 2 C(4)), 126.22 (q, 3JCF = 
3.7 Hz, 2 C(3)), 124.14 (q, 1JCF = 272 Hz, C(1)), 44.74 (s, C(10)) 
 19F NMR: (471 MHz, CDCl3) 
  –62.57 ppm (s, 3 FC(1)) 
 IR: (neat, ATR) 
3014 (w), 1617 (w), 1596 (w), 1564 (w), 1391 (w), 1323 (s), 1299 (s), 1177 (m), 
1143 (s), 1123 (s), 1090 (s), 1070 (s), 1017 (m), 1005 (m), 968 (s), 952 (m), 862 
(w), 825 (s), 793 (m), 772 (s), 738 (m), 717 (w), 602 (w), 560 (s), 546 (s), 514 (s), 
493 (m), 463 (m) 
 MS: (EI) 
301.1 (14.5), 300.0 (100.0, M+), 285.0 (32.0), 281.0 (11.2), 237.1 (51.0), 221.1 
(69.0), 209.1 (27.3), 202.1 (12.2), 201.1 (70.0), 152.1 (54.8), 151.1 (15.0) 
 HRMS: calcd for C14H12F3O2S +: 301.0510, found: 301.0514 




 Analysis: C14H11F3O2S (300.30) 
  Calcd:  C, 56.00; H, 3.69  
  Found:  C, 55.78; H, 3.64 
 
Preparation of 4'-(Trifluoromethyl)-[1,1'-biphenyl]-4-carbonitrile (3.4ka) 
 
Following General Procedure B, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3k (258 mg, 1.20 mmol, 1.20 equiv). The total reaction time was 
15 min. The crude material was purified by silica gel column chromatography (3.0 cm column, 30 
g of silica gel) eluting with 500 mL of hexanes/ethyl acetate, 19:1, followed by 300 mL of 
hexanes/ethyl acetate, 9:1. The pure fractions were combined and concentrated by rotary 
evaporation (30 ºC, 75 mm Hg) to give 238 mg (0.961 mmol, 96% yield) of 3.4ka as a white solid. 
Spectroscopic data was in agreement with literature values.24 
Data for 3.4ka: 
 1H NMR: (500 MHz, CDCl3) 
7.80–7.73 (m, 4 H, HC(3,8)), 7.72–7.67 (m, 4 H, HC(4,7)) 
 13C NMR: (126 MHz, CDCl3) 
144.28 (s, 1 C(6)), 142.80 (s, 1 C(5)), 132.94 (s, 2 C(8)), 130.85 (q, 2JCF = 132.7 
Hz, 1 C(2)), 128.10 (s, 2 C(7)), 127.77 (s, 2 C(4)), 126.22 (q, 3JCF = 3.7 Hz, 2 
C(3)), 124.13 (q, 1JCF = 272.1 Hz, 1 C(1)), 118.72 (s, 1 C(10)), 112.14 (s, 1 C(9)) 
 19F NMR: (471 MHz, CDCl3) 
  –62.57 ppm (s, 3 FC(1))  

























Preparation of 4,4'-Bis(trifluoromethyl)-1,1'-biphenyl (3.4la) 
 
Following General Procedure A, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3l (391.3 mg, 1.20 mmol, 1.20 equiv). The crude material was 
purified by silica gel column chromatography (3.0 cm column, 30 g of silica gel) eluting with 400 
mL of hexanes/ethyl acetate, 99:1. The pure fractions were combined and concentrated by rotary 
evaporation (30 ºC, 75 mm Hg) to give 275 mg (0.948 mmol, 95% yield) of 3.4la as a white solid. 
Spectroscopic data was in agreement with literature values.22 
Data for 3.4la: 
 1H NMR: (500 MHz, CDCl3) 
7.74 (d, J = 8.3 Hz, 4 H, HC(3)), 7.71 (d, J = 8.2 Hz, 4 H, HC(4)) 
 13C NMR: (126 MHz, CDCl3) 
143.40 (s, 2 C(5)), 130.46 (q, 2JCF = 32.6 Hz, 2 C(2)), 127.79 (s, 4 C(4)), 126.10 
(q, 3JCF = 3.7 Hz, 4 C(3)), 124.26 (q, 1JCF = 272.1 Hz, 2 C(1)),  
 19F NMR: (471 MHz, CDCl3) 
  –62.49 ppm (s, 3 FC(1)) 
 HRMS: calcd for C14H8F6+: 290.0530, found: 290.0536 
 
Preparation of 2-(Trifluoromethyl)-6-(4-(trifluoromethyl)phenyl)pyridine (3.4ma) 
 
Following General Procedure B, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.12m (328 mg, 1.20 mmol, 1.20 equiv). The total reaction time was 
2 hours, and the flask was heated at 50 ºC using a silicone oil bath for the duration of the reaction. 
The crude material was purified by silica gel column chromatography (3.0 cm column, 45 g of 
silica gel) eluting with 600 mL of hexanes/ethyl acetate, 39:1. The pure fractions were combined 









































of 3.4ma. Spectroscopic data was in agreement with literature values.25 
Data for 3.4ma: 
 1H NMR: (500 MHz, CDCl3) 
8.19 (d, J = 8.1 Hz, 2 H, HC(4)), 8.03–7.93 (m, 2 H, HC(7,8)), 7.76 (d, J = 8.2 
Hz, 2 H, HC(3)), 7.68 (dd, J = 7.1, 1.5 Hz, 1 H, HC(9)) 
 13C NMR: (126 MHz, CDCl3) 
156.38 (s, C(6)), 148.64 (q, 2JCF = 34.8 Hz, C(10)), 141.15 (s, C(5)), 138.59 (s, 
C(8)), 131.76 (q, 2JCF = 32.6 Hz, C(2)), 127.60 (s, 2 C(4)), 126.00 (q, 3JCF = 3.8 
Hz, 2 C(3)), 123.95 (q, 1JCF = 272 Hz, C(11)), 123.24 (s, C(7)), 121.57 (q, 1JCF = 
274 Hz, C(1)), 119.55 (q, 3JCF = 2.8 Hz, C(9)) 
 19F NMR: (471 MHz, CDCl3) 
  –62.66 ppm (s, 3 FC(1)), –68.09 ppm (s, 3 FC(11)) 
 HRMS: calcd for C13H8NF6+: 292.0561, found: 292.0554 
 
Preparation of 2-Methoxy-6-(4-(trifluoromethyl)phenyl)pyridine (3.4na) 
 
To a flame-dried, 50-mL, round-bottomed flask fitted with a septum and containing a 1.0-
cm x 0.5-cm rod-shaped stir bar was placed boronic ester 3.12n (282 mg, 1.20 mmol, 1.20 equiv) 
and Pd-P(t-Bu)3-G3 (22.9 mg, 0.04 mmol, 0.04 equiv). The reaction vessel was evacuated and 
backfilled with argon three times. Dry, degassed THF (3.60 mL) and 4-bromobenzotrifluoride 
(3.2a) (225 mg, 1.00 mmol) were added by syringe. In an oven-dried, 2-mL, volumetric flask was 
placed 256 mg (2.00 mmol) of TMSOK followed by sufficient THF to give a 1.00 M solution. 
This solution was taken up in a 3-mL syringe equipped with a syringe filter. The filter was removed, 
and the excess solution discarded leaving 1.40 mL of a 1.0 M solution of TMSOK in THF (1.40 
mL, 1.40 mmol, 1.40 equiv). The TMSOK solution was added to the reaction flask in one portion, 
and the round-bottomed flask was lowered into a 50 ºC silicone oil bath. The reaction mixture was 
stirred at 50 ºC for 12 h, at which point the magnetic stir bar was removed, 3.0 g of Celite was 
added, and the reaction mixture was concentrated onto the Celite. The crude material on Celite 
was purified by silica gel column chromatography (45 g of silica, 3.0 cm column) eluting with 250 

























mL of hexanes/dichloromethane, 19:1, followed by 250 mL of hexanes/dichloromethane, 9:1, 
followed by 250 mL of hexanes/dichloromethane, 4:1. The pure fractions were combined and 
concentrated by rotary evaporation (30 ºC, 75 mm Hg) to give 198 mg (0.78 mmol, 78% yield) of 
3.4na as a clear, colorless oil. Spectroscopic data was in agreement with literature values.26 
Data for 3.4na: 
 1H NMR: (500 MHz, CDCl3) 
8.15 (d, J = 8.1 Hz, 2 H, HC(4)), 7.71 (d, J = 8.2 Hz, 2 H, HC(3)), 7.66 (t, J = 7.8 
Hz, 1 H, HC(8)), 7.37 (d, J = 7.4 Hz, 1 H, HC(7)), 6.76 (d, J = 8.2 Hz, 1 H, 
HC(9)), 4.05 (s, 3 H, HC(11) 
 13C NMR: (126 MHz, CDCl3) 
164.03 (s, C(10)), 153.19 (s, C(6)), 142.53 (s, C(5)), 139.45 (s, C(8)), 130.72 (q, 
2JCF = 32.4 Hz, C(2)), 127.07 (s, 2 C(4)), 125.67 (q, 3JCF = 3.8 Hz, 2 C(3)), 124.38 
(q, 1JCF = 272 Hz, C(1)), 113.42 (s, C(7)), 110.55 (s, C(9)), 53.44 (s, C(11)) 
 19F NMR: (471 MHz, CDCl3) 
  –62.49 ppm (s, 3 FC(1))  
 HRMS: calcd for C13H11NOF3+: 254.0793, found: 254.0785 
 
Preparation of 2-(4-(Trifluoromethyl)phenyl)thiophene (3.4oa) 
 
Following General Procedure A, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3o (235 mg, 1.20 mmol, 1.20 equiv). The crude material was 
purified by silica gel column chromatography (3.0 cm column, 30 g of silica gel) eluting with 300 
mL of hexanes/ethyl acetate, 199:1. The pure fractions were combined and concentrated by rotary 
evaporation (30 ºC, 75 mm Hg) to give 228 mg (0.997 mmol, 99.7% yield) of 3.4oa as a white 
solid. Spectroscopic data was in agreement with literature values.27  



















Data for 3.4oa: 
 1H NMR: (500 MHz, CDCl3) 
7.71 (d, J = 8.1 Hz, 2 H, HC(4)), 7.63 (d, J = 8.5 Hz, 2 H, HC(3)), 7.40 (dd, J 
=3.6, 0.9 Hz, 1 H, HC(7)), 7.36 (dd, J =5.1, 1.0 Hz, 1 H, HC(8)), 7.12 (dd, J =5.0, 
3.7 Hz, 1 H, HC(9)) 
 13C NMR: (126 MHz, CDCl3) 
142.62 (s, C(6)), 137.76 (s, C(5)), 129.23 (q, 2JCF = 32.6 Hz, C(2)), 128.30 (s, 
C(8)), 126.21 (s, C(9)), 125.95 (s, 2 C(4)), 125.88 (q, 3JCF = 3.9 Hz, 2 C(3)), 
124.44 (s, C(7)), 123.56 (q, 1JCF = 271.8 Hz, C(1)) 
 19F NMR: (471 MHz, CDCl3) 
  –62.47 ppm (s, 3 FC(1)) 
 HRMS: calcd for C11H17F3S+: 228.0221, found: 228.0222 
 
Preparation of tert-Butyl 2-(4-(trifluoromethyl)phenyl)-1H-pyrrole-1-carboxylate (3.4pa) 
 
Following General Procedure A, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3p (335 mg, 1.20 mmol, 1.20 equiv). Water was used in place of 
1M aqueous HCl during liquid-liquid extraction. The crude material was purified by silica gel 
column chromatography (3.0 cm column, 20 g of silica gel) eluting with 300 mL of hexanes/ethyl 
acetate, 199:1, followed by 200 mL of hexanes/ethyl acetate, 99:1. The pure fractions were 
combined and concentrated by rotary evaporation (30 ºC, 75 mm Hg) to give 310 mg (1.00 mmol, 
100% yield) of 3.4pa as an off-white solid. Spectroscopic data was in agreement with literature 
values.27 
Data for 3.4pa: 
 1H NMR: (500 MHz, CDCl3) 
7.60 (d, J = 8.2 Hz, 2 H, HC(3)), 7.47 (d, J = 8.1 Hz, 2 H, HC(4)), 7.41–7.35 (m, 
1 H, HC(8)), 6.29–6.23 (m, 2 H, HC(7,9)), 1.39 (s, 9 H, HC(12)) 

























 13C NMR: (126 MHz, CDCl3) 
149.08 (s, C(10)), 137.91 (s, C(5)), 133.49 (s, C(6)), 129.34 (s, 2 C(4)), 129.13 (q, 
2JCF = 32.5 Hz, C(2)), 124.52 (q, 3JCF = 3.8 Hz, 2 C(3)), 124.26 (q, 1JCF = 271.9 
Hz, C(1)), 123.38 (s, C(8)), 115.44 (s, C(7 or 9)), 110.81 (s, X C(7 or 9)), 84.08 
(s, 1 C(11)), 27.63 (s, 3 C(12)) 
 19F NMR: (471 MHz, CDCl3) 
  –62.40 ppm (s, 3 FC(1)) 
 HRMS: calcd for C16H16O2F3Na+: 334.1039, found: 334.1031 
Preparation of 2-(4-(Trifluoromethyl)phenyl)furan (3.4ba) 
 
Following General Procedure A, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3b (235.3 mg, 1.20 mmol, 1.20 equiv). The crude material was 
purified by silica gel column chromatography (3.0 cm column, 30 g of silica gel) eluting with 300 
mL of hexanes/ethyl acetate, 199:1. The pure fractions were combined and concentrated by rotary 
evaporation (30 ºC, 75 mm Hg) to give 198 mg (0.934 mmol, 93% yield) of 3.4ba as a white solid. 
Spectroscopic data was in agreement with literature values.27 
Data for 3.4ba: 
 1H NMR: (500 MHz, CDCl3) 
7.77 (d, J = 8.1 Hz, 2 H, HC(4)), 7.63 (d, 3J = 8.5 Hz, 2 H, HC(3)), 7.54–7.48 (m, 
1 H, HC(9)), 6.77 (d, J = 3.4, 1 H, HC(7)), 6.51 (dd, J =3.3, 1.8 Hz, 1 H, HC(8)) 
 13C NMR: (126 MHz, CDCl3) 
152.67 (s, C(6)), 143.23 (s, C(9)), 134.10 (s, C(5)), 129.12 (q, 2JCF = 32.5 Hz, 
C(2)), 125.85 (q, 3JCF = 3.9 Hz, 2 C(3)), 124.66 (q, 1JCF = 271.8 Hz, C(1)), 123.92 
(s, 2 C(4)), 112.10 (s, C(8)), 107.11 (s, C(7)) 
 19F NMR: (471 MHz, CDCl3) 
  –62.46 ppm (s, 3 FC(1)) 
 HRMS: calcd for C11H7OF3+: 212.0449, found: 212.0453 
 



















Preparation of 5-(4-(Trifluoromethyl)phenyl)thiophene-2-carbonitrile (3.4qa) 
 
Following General Procedure B, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3q (333 mg, 1.20 mmol, 1.20 equiv). The total reaction time was 
15 min. The crude material was purified by silica gel column chromatography (3.0 cm column, 45 
g of silica gel) eluting with 400 mL of hexanes/ethyl acetate, 39:1, followed by 200 mL of 
hexanes/ethyl acetate, 19:1. The pure fractions were combined and concentrated by rotary 
evaporation (30 ºC, 75 mm Hg) to give 238 mg (0.94 mmol, 94% yield) of 3.4qa as a faintly yellow 
solid.  
The product was further purified by recrystallization. The product was dissolved in 2 mL 
of refluxing ethanol, and the solution was cooled in a freezer (–20 ºC) for 48 hours. The ethanol 
was removed by syringe, and the crystals were washed with 0.5 mL of cold pentane. The crystals 
were dried under high vacuum (0.1 mm Hg) for 12 hours to give 208 mg (0.82 mmol, 87% recovery) 
of analytically pure 3.4qa as a white, crystalline solid. 
Data for 3.4qa: 
 mp: 111.9-112.5 ºC (EtOH, sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
7.75–7.66 (m, 4 H, HC(3,4)), 7.63 (d, J = 3.9 Hz, 1 H, HC(8)), 7.36 (d, J = 3.9 
Hz, 1 H, HC(7)) 
 13C NMR: (126 MHz, CDCl3) 
149.76 (s, C(6)), 138.57 (s, C(8)), 135.70 (s, C(5)), 131.37 (q, 2JCF = 32.9 Hz, 
C(2)), 126.83 (s, 2 C(4)), 126.49 (q, 3JCF = 3.8 Hz, 2 C(3)), 124.70 (s, C(7)), 
123.89 (q, 1JCF = 272.3 Hz, C(1)), 114.06 (s, C(10)), 109.94 (s, C(9)) 
 19F NMR: (471 MHz, CDCl3) 
  –62.78 ppm (s, 3 FC(1)) 
 IR: (neat, ATR) 
3092 (w), 2221 (m), 1611 (w), 1443 (w), 1412 (w), 1315 (m), 1248 (m), 1166 (s), 
1112 (s), 1070 (s), 1048 (m), 1014 (m), 957 (m), 838 (s), 808 (s), 776 (m), 736 






















(m), 703 (m), 678 (m), 600 (m), 549 (s), 501 (m) 
 MS: (EI) 
255.0 (13.6), 254.0 (35.4), 253.0 (100.0, M+), 234.0 (18.2), 183.0 (29.0), 140.0 
(10.0), 101.5 (13.4) 
 HRMS: calcd for C12H6NF3S+: 253.0173, found: 253.0173 
 TLC: Rƒ 0.11 (hexanes/EtOAc, 95:5, UV) 
 Analysis: C12H6NF3S (253.24) 
  Calcd:  C, 56.91; H, 2.39 ; N, 5.53  
  Found:  C, 56.74; H, 2.16; N, 5.52 
Preparation of 2-Fluoro-4'-(trifluoromethyl)-1,1'-biphenyl (3.4ra) 
 
Following General Procedure A, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3r (250.0 mg, 1.20 mmol, 1.20 equiv). The crude material was 
purified by silica gel column chromatography (3.0 cm column, 30 g silica gel) eluting with pure 
hexanes. The pure fractions were combined and concentrated by rotary evaporation (30 ºC, 10 mm 
Hg) and dried under vacuum (0.1 mm Hg) to afford 220.4 mg (92% yield, 0.92 mmol) of pure 
3.4ra as a white solid. Spectroscopic data was in agreement with literature values.22 
Data for 3.4ra: 
 1H NMR: (500 MHz, CDCl3) 
7.71 (d, J = 8.3 Hz, 2 H, HC(3)), 7.67 (d, J = 8.2 Hz, 2 H, HC(4)), 7.45 (td, J =7.8, 
1.8 Hz, 1 H, HC(11)), 7.41–7.33 (m, 1 H, HC(9)), 7.28–7.22 (m, 1 H, HC(10)), 
7.22–7.15 (m, 1H, HC(8)) 
 13C NMR: (126 MHz, CDCl3) 
159.84 (d, 1JCF = 249 Hz, C(7)), 139. 55 (s, C(5)), 130.78 (d, 3JCF = 3.1 Hz, 
C(11)), 130.06 (d, 3JCF = 8.4 Hz, C(9)), 129.88 (q, 2JCF = 32.5 Hz, C(2)), 129.49 
(d, 4JCF = 3.0 Hz, 2 C(4)), 127.81 (d, 2JCF = 13.3 Hz, C(6)), 125.52 (q, 3JCF = 3.7 
Hz, 2 C(3)), 124.72 (d, 4JCF = 3.8 Hz, C(10)), 124.32 (q, 1JCF = 272 Hz, C(1)), 
























 19F NMR: (471 MHz, CDCl3) 
  -62.48 (s, 3 FC(1)), -117.75 (s, 1 FC(7)) 
 HRMS: calcd for C13H8F4+: 240.0562, found: 240.0563 
 
Preparation of 2-(Trifluoromethoxy)-4'-(trifluoromethyl)-1,1'-biphenyl (3.4sa) 
 
Following General Procedure B, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3s (329 mg, 1.20 mmol, 1.20 equiv). The total reaction time was 
30 min. The crude material (0.46 g) was purified by silica gel column chromatography (3.0 cm 
column, 40 g silica gel) eluting with pure hexanes. The pure fractions were combined and 
concentrated by rotary evaporation (40 ºC, 10 mm Hg) to give a colorless oil. The product was 
further purified by Kugelrohr distillation (130°C, 20 mm Hg) to afford 289 mg (0.94 mmol, 94% 
yield) of analytically pure 3.4sa as a colorless oil. 
Data for 3.4sa: 
 1H NMR: (500 MHz, CDCl3) 
7.70 (d, J = 8.1 Hz, 2 H, HC(3)), 7.58 (d, J = 8.1 Hz, 2 H, HC(4)), 7.48–7.35 (m, 4 
H, HC(8,9,10,11)) 
 13C NMR: (126 MHz, CDCl3) 
146.29 (s, C(7)), 140.60 (s, C(5)), 134.06 (s, C(6)), 131.53 (s, C(8 or 10)), 129.98 
(q, 2JCF = 32.6 Hz, C(2)), 129.75 (s, 2 C(4)), 129.67 (s, C(11)), 127.40 (s, C(8 or 
10)), 125.38 (q, 3JCF = 3.8 Hz, 2 C(3)), 124.31 (q, 1JCF = 272.1 Hz, C(1)), 121.63 
(s, C(9)), 120.50 (q, 1JCF = 258.1 Hz, C(12)) 
 19F NMR: (471 MHz, CDCl3) 
  -57.14 ppm (s, 3 FC(12)), -62.47 ppm (s, 3 FC(1)) 
 IR: (neat, ATR) 
3070 (w), 1927 (w), 1621 (w), 1587 (w), 1526 (w), 1488 (w), 1450 (w), 1405 (w), 
1324 (s), 1248 (s), 1217 (s), 1199 (s), 1159 (s), 1123 (s), 1106 (s), 1069 (s), 1048 
(m), 1023 (m), 1009 (m), 957 (w), 922 (w), 872 (w), 842 (s), 823 (w), 785 (w), 

























 MS: (EI) 
  307.1 (15.3), 306.0 (100.0 , M+), 217.0 (24.4), 168.1 (22.5) 
 HRMS: calcd for C14H8F6O+: 306.0479, found: 306.0481 
 TLC: Rƒ 0.51 (hexanes) 
 Analysis: C14H8F6O (306.21), with combustion aid 
  Calcd:  C, 54.92; H, 2.63 
  Found:  C, 54.74; H, 2.63 
 
Preparation of 2-Methyl-4'-(trifluoromethyl)-1,1'-biphenyl (3.4ta) 
 
Following General Procedure B, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3t (245 mg, 1.20 mmol, 1.20 equiv). The total reaction time was 30 
min. The crude material was purified by silica gel column chromatography (3.0 cm column, 30 g 
silica gel) eluting with pure hexanes. The pure fractions were combined and concentrated by rotary 
evaporation (30 ºC, 10 mm Hg) to give a colorless oil. The product was dried under vacuum (0.1 
mm Hg) to afford 219 mg (0.93 mmol, 93% yield) of pure 3.4ta as a colorless oil. Spectroscopic 
data was in agreement with literature values.22 
Data for 3.4ta: 
 1H NMR: (500 MHz, CDCl3) 
7.68 (d, J = 8.0 Hz, 2 H, HC(3)), 7.44 (d, J = 7.8 Hz, 2 H, HC(4)), 7.31–7.22 (m, 3 
H, HC(8,9,10)), 7.21 (d, J =7.1 Hz, 1 H, HC(11)), 2.27 (s, 3 H, HC(12)) 
 13C NMR: (126 MHz, CDCl3) 
145.78 (s, C(5)), 140.65 (s, C(6)), 135.35 (s, C(7)), 130.67 (s, C(8)), 129.72 (s, 
C(11)), 129.68 (s, 2 C(4)), 129.17 (q, 2JCF = 32.5 Hz, C(2)), 128.09 (s, C(9)), 
126.12 (s, C(10)), 125.20 (q, 3JCF = 3.81, 2 C(3)), 124.44 (q, 1JCF = 271.9 Hz, 
C(1)), 20.49 (s, C(12)) 
 19F NMR: (471 MHz, CDCl3) 

























 HRMS: calcd for C14H11F3+: 236.0813, found: 236.0810 
 
Preparation of 2,4,6-Trimethyl-4'-(trifluoromethyl)-1,1'-biphenyl (3.4ua) 
 
Following General Procedure B, 4-bromobenzotrifluoride (3.2a) (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3u (278 mg, 1.20 mmol, 1.20 equiv). The total reaction time was 3 
h. The crude material (0.41g) was purified by silica gel column chromatography (3.0 cm column, 
30 g silica gel) eluting with pure hexanes. The pure fractions were combined and concentrated by 
rotary evaporation (40 ºC, 10 mm Hg) and dried under vacuum (0.1 mm Hg) to give a white solid 
(140 mg).  
To remove residual mesitylene, the material was transferred to a sublimation apparatus 
which was heated at 56 °C using a silicone oil bath under high vacuum (0.1 mm Hg). The sublimate 
was collected to give 105 mg (0.40 mmol, 40% yield) of 3.4ua as a white crystalline solid. 
Spectroscopic data was in agreement with literature values.27  
Data for 3.4ua: 
 1H NMR: (500 MHz, CDCl3) 
7.68 (d, J = 8.4 Hz, 2 H, HC(3)), 7.27 (d, 2 H, HC(4)), 6.96 (s, 2 H, HC(8)), 2.34 
(s, 3 H, HC(11)), 1.98 (s, 6 H, HC(10)) 
 13C NMR: (126 MHz, CDCl3) 
145.18 (s, C(5)), 137.76 (s, C(6)), 137.38 (s, C(9)), 135.76 (s, 2 C(7)), 129.92 (s, 
2 C(4)), 129.03 (q, 2JCF = 32.3 Hz, C(2)), 128.39 (s, 2 C((8)), 125.53 (q, 3JCF = 
3.8, 2 C(3)), 124.50 (q, 1JCF = 271.8 Hz, C(1)), 21.17 (s, C(11)), 20.80 (s, 2 
C(10)) 
 19F NMR: (471 MHz, CDCl3) 
  -62.27 ppm (s, 3 FC(1)) 


























Preparation of (E)-1-(2-Phenylethenyl)-4-(trifluoromethyl)benzene (3.4va) 
 
Following General Procedure B, 4-bromobenzotrifluoride 3.2a (225 mg, 1.00 mmol) was 
combined with boronic ester 3.3v (225 mg, 1.04 mmol, 1.04 equiv). The total reaction time was 
15 min. The crude material (0.50 g) was purified by silica gel column chromatography (3.0 cm 
column, 30 g silica gel) eluting with pure hexanes. The pure fractions were combined and 
concentrated by rotary evaporation (30 ºC, 10 mm Hg) to afford 244 mg (0.98 mmol, 98% yield) 
of pure 3.4va as a white solid. Spectroscopic data was in agreement with literature values.28 
Data for 3.4va: 
 1H NMR: (500 MHz, CDCl3) 
7.61 (s, 4 H, HC(3,4)), 7.54 (d, J = 7.3 Hz, 2 H, HC(9)), 7.39 (t, J =7.7 Hz, 2 H, 
HC(10)), 7.31 (t, J =7.4 Hz, 1 H, HC(11)), 7.20 (d, J =16.4 Hz, 1 H, HC(7)), 7.12 
(d, J =16.3 Hz, 1 H, HC(6))  
 13C NMR: (126 MHz, CDCl3) 
140.97 (s, C(5)), 136.79 (s, C(8)), 131.37 (s, C(7)), 129.40 ((q, 2JCF = 32.4, C(2)), 
128.95 (s, 2 C(10)), 128.44 (s, C(11)), 127.28 (s, C(6)), 126.98 (s, 2 C(9)), 126.72 
(s, 2 C(4)), 125.77 ((q, 3JCF = 3.8, 2 C(3)), 124.36 ((q, 1JCF = 272, C(1)) 
 19F NMR: (471 MHz, CDCl3) 
  -62.38 ppm (s, 3 FC(1)) 
 HRMS: calcd for C15H11F3: 248.08129, found: 248.08099 
 
Cross-Coupling of Aryl Halides 
Preparation of Ethyl 4'-Fluoro-[1,1'-biphenyl]-4-carboxylate (3.4ad) 
 















































combined with neopentyl 4-fluorophenylboronic ester (3.2a) (250 mg, 1.20 mmol, 1.20 equiv). 
Once the reaction was complete, it was quenched with 5 mL of 1 M aqueous HCl. The reaction 
mixture was taken up in 20 mL of EtOAc, the layers were separated, and the acidic aqueous layer 
was washed with an additional 20 mL of EtOAc. The combined organic phases were washed with 
2 M aqueous NaOH (2 x 5 mL). The combined, basic, aqueous solution was back-extracted once 
with 10 mL of EtOAc. The combined organic extracts were dried over sodium sulfate (12 g), then 
were filtered and concentrated by rotary evaporation (30 ºC, 75 mm Hg). The crude material was 
purified by silica gel column chromatography (3.0 cm column, 45 g silica gel) eluting with 500 
mL of hexanes/ethyl acetate, 39:1. The pure fractions were combined and concentrated by rotary 
evaporation (30 ºC, 75 mm Hg) to give 225 mg (0.921 mmol, 92% yield) of 3.4ad as a white solid. 
Spectroscopic data was in agreement with literature values.29 
Data for 3.4ad: 
 1H NMR: (500 MHz, CDCl3) 
8.13 (d, J = 8.3 Hz, 2 H, HC(5)), 7.67–7.56 (m, 4 H, HC(6,9)), 7.18 (t, J = 8.6 Hz, 
2 H, HC(10)), 4.43 (q, J = 7.1 Hz, 2 H, HC(2)), 1.44 (t, J = 7.1 Hz, 3 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
166.42 (s, C3)), 162.93 (d, 1JCF = 247.9 Hz, C(11)), 144.48 (s, C(7)), 136.39 (d, 
4JCF = 3.2 Hz, C(8)), 130.12 (s, 2 C(5)), 129.29 (s, C(8)), 128.92 (d, 3JCF = 8.2 Hz, 
2 C(9)), 126.84 (s, 2 C(6)), 115.86 (d, 2JCF = 21.6 Hz, 2 C(10)), 61.01 (s, C(2)), 
14.37 (s, C(1)) 
 19F NMR: (471 MHz, CDCl3) 
  –114.23 ppm (s, FC(11)) 
 HRMS: calcd for C15H14O2F+: 245.0978, found: 245.0967 
 
Preparation of 1-(4'-(Trifluoromethyl)-[1,1'-biphenyl]-4-yl)ethan-1-one (3.4ae) 
 
Following General Procedure A, 4-bromoacetophenone (3.2e) (225 mg, 1.00 mmol) was 




















Once the reaction was complete, it was quenched with 5 mL of 1 M aqueous HCl. The reaction 
mixture was taken up in 20 mL of EtOAc, the layers were separated, and the acidic aqueous layer 
was washed with an additional 20 mL of EtOAc. The combined organic phases were washed with 
2 M aqueous NaOH (2 x 5 mL). The combined, basic, aqueous solution was back-extracted once 
with 10 mL of EtOAc. The combined organic extracts were dried over sodium sulfate (12 g), then 
were filtered and concentrated by rotary evaporation (30 ºC, 75 mm Hg). The crude material was 
purified by silica gel column chromatography (3.0 cm column, 30 g silica gel) eluting with 500 
mL of hexanes/ethyl acetate, 19:1. The pure fractions were combined and concentrated by rotary 
evaporation (30 ºC, 75 mm Hg) to give 252 mg (0.946 mmol, 95% yield) of 3.4ae as a white solid. 
Spectroscopic data was in agreement with literature values.30 
Data for 3.4ae: 
 1H NMR: (500 MHz, CDCl3) 
8.03 (d, J = 8.2 Hz, 2 H, HC(4)), 7.64 (d, J = 8.2 Hz, 2 H, HC(5)), 7.59 (dd, J = 
8.6, 5.3 Hz, 2 H, HC(8)), 7.16 (t, J = 8.6 Hz, 2 H, HC(9)), 2.64 (s, 3 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
197.61 (s, C(2)), 163.00 (d, 1JCF = 248.1 Hz, C(10)), 144.73 (s, C(6)), 136.01 (d, 
4JCF = 3.2 Hz, C(7)), 135.87 (s, C(3)), 128.97 (s, 2 C(4)), 128.93 (d, 3JCF = 9.5 Hz, 
2 C(8)), 127.07 (s, 2 C(5)), 115.92 (d, 2JCF = 21.6 Hz, 2 C(9)), 26.66 (s, C(1)) 
 19F NMR: (471 MHz, CDCl3) 
  –113.98 ppm (s, FC(10)) 
 HRMS: calcd for C14H12OF+: 215.0872, found: 215.0868 
 
Preparation of N-Ethyl-4'-fluoro-[1,1'-biphenyl]-4-carboxamide (3.4af) 
 
Following General Procedure A, aryl bromide 3.2f (228 mg, 1.00 mmol) was combined 
with neopentyl 4-fluorophenylboronic ester (3.2a) (250 mg, 1.20 mmol, 1.20 equiv). Once the 
reaction was complete, it was quenched with 5 mL of 1 M aqueous HCl. The reaction mixture was 
taken up in 20 mL of EtOAc, the layers were separated, and the acidic aqueous layer was washed 



























with an additional 20 mL of EtOAc. The combined organic phases were washed with 2 M aqueous 
NaOH (2 x 5 mL). The combined, basic, aqueous solution was back-extracted once with 10 mL of 
EtOAc. The combined organic extracts were dried over sodium sulfate (12 g), then were filtered 
and concentrated by rotary evaporation (30 ºC, 75 mm Hg). The crude material was purified by 
silica gel column chromatography (3.0 cm column, 30 g silica gel) eluting with 150 mL of 
dichloromethane followed by 400 mL of dichloromethane/ethyl acetate, 19:1. The pure fractions 
were combined and concentrated by rotary evaporation (30 ºC, 75 mm Hg) to give 238 mg (0.98 
mmol, 98% yield) of analytically pure 3.4af as a white solid. 
Data for 3.4af: 
 mp: 206.1-206.8 ºC (sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
7.85 (d, J = 8.4, 2 H, HC(5)), 7.68–7.54 (m, 4 H, HC(10, 6)), 7.17 (t, J = 8.7 Hz, 2 
H, HC(10)), 3.55 (pent, J = 6.9 Hz, 2 H, HC(2)), 1.30 (t, J = 7.3 Hz, 3 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
167.13 (s, C(3)), 162.97 (d, 1JCF = 247.6 Hz, C(11)), 143.25 (s, C(7)), 136.31 (d, 
4JCF = 3.3 Hz, C(8)), 133.61 (s, C(4)), 128.95 (d, 3JCF = 8.1 Hz, 2 C(9)), 127.55 (s, 
2 C(5)), 127.19 (s, 2 C(6)), 115.97 (d, 2JCF = 21.5 Hz, 2 C(10)), 35.12 (s, C(2)), 
15.10 (s, C(1)) 
 19F NMR: (471 MHz, CDCl3) 
  –114.49 ppm (s, FC(11)) 
 IR: (neat, ATR) 
3297 (w, br), 2982 (w), 2938 (w), 1631 (m), 1609 (m), 1596 (m), 1542 (m), 1489 
(m), 1391 (w), 1359 (w), 1302 (m), 1276 (m), 1236 (m), 1203 (m), 1149 (m), 
1043 (w), 1004 (m), 873 (m), 828 (s), 768 (s), 717 (m), 664 (m), 624 (m), 591 
(m), 570 (m), 543 (w), 529 (m), 512 (m), 481 (w) 
 MS: (EI) 
  243.1 (57.5, M+), 242.1 (37.0), 199.1 (100.0), 171.1 (30.2), 170.1 (51.5)  
 HRMS: calcd for C15H15NOF+: 244.1138, found: 244.1139 
 TLC: Rƒ 0.08 (hexanes/EtOAc, 7:3, UV) 
 
 482 
 Analysis: C15H14FNO (243.28) 
  Calcd:  C, 74.06; H, 5.80; N, 5.76 
  Found:  C, 73.84; H, 5.75; N, 5.79 
 
Preparation of 4-Fluoro-4'-nitro-1,1'-biphenyl (3.4ag) 
 
Following General Procedure A, 4-bromonitrobenzene (3.2g) (202 mg, 1.00 mmol) was 
combined with neopentyl 4-fluorophenylboronic ester (3.2a) (250 mg, 1.20 mmol, 1.20 equiv). 
Once the reaction was complete, it was quenched with 5 mL of 1 M aqueous HCl. The reaction 
mixture was taken up in 20 mL of EtOAc, the layers were separated, and the acidic aqueous layer 
was washed with an additional 20 mL of EtOAc. The combined organic phases were washed with 
2 M aqueous NaOH (2 x 5 mL). The combined, basic, aqueous phase was back-extracted once 
with 10 mL of EtOAc. The combined organic extracts were dried over sodium sulfate (12 g), then 
were filtered and concentrated by rotary evaporation (30 ºC, 75 mm Hg). The crude material was 
purified by silica gel column chromatography (3.0 cm column, 30 g silica gel) eluting with 500 
mL of hexanes/ethyl acetate, 99:1. The product-containing fractions were combined and 
concentrated by rotary evaporation (30 ºC, 75 mm Hg) to give 220 mg of an impure yellow solid. 
The material was dissolved in 40 mL of EtOAc, and the organic phase was washed twice with 5 
mL of 2 M aqueous NaOH. The basic aqueous phase was back-extracted with 10 mL of EtOAc, 
and the combined organic extracts were dried over sodium sulfate (12 g). The organic extracts 
were concentrated by rotary evaporation (30 ºC, 75 mm Hg) and the crude material was purified 
by silica gel column chromatography (3.0 cm column, 30 g silica gel) eluting with 150 mL of 
hexane, followed by 150 mL of diethyl ether. The pure fractions were combined and concentrated 
to yield 206 mg (0.949 mmol, 95% yield) of 3.4ag as a white solid. Spectroscopic data was in 
agreement with literature values.31 
Data for 3.4ag: 
 1H NMR: (500 MHz, CDCl3) 
8.30 (d, J = 8.8 Hz, 2 H, HC(2)), 7.69 (d, J = 8.8 Hz, 2 H, HC(3)), 7.60 (dd, J = 




















8.8, 5.2 Hz, 2 H, HC(6)), 7.19 (t, J = 8.6 Hz, 2 H, HC(7)) 
 13C NMR: (126 MHz, CDCl3) 
163.51 (d, 1JCF = 219.4 Hz, C(8)), 147.24 (s, C(1)), 146.71 (s, C(4)), 135.08 (d, 
4JCF = 3.3 Hz, C(5)), 129.30 (d, 3JCF = 8.3 Hz, 2 C(6)), 127.80 (s, 2 C(3)), 124.33 
(s, 2 C(2)), 116.36 (d, 2JCF = 21.7 Hz, 2 C(7)) 
 19F NMR: (471 MHz, CDCl3) 
  –112.67 ppm (s, FC(8)) 
 HRMS: calcd for C12H8O2NF+: 217.0539, found: 217.0545 
 
Preparation of 4-Fluoro-4'-phenoxy-1,1'-biphenyl (3.4ah) 
 
Following General Procedure A, 1-bromo-4-phenoxybenzene (3.2h) (249 mg, 1.00 mmol) 
was combined with neopentyl 4-fluorophenylboronic ester (3.2a) (250 mg, 1.20 mmol, 1.20 equiv). 
Once the reaction was complete, it was quenched with 5 mL of 1 M aqueous HCl. The reaction 
mixture was taken up in 20 mL of EtOAc, the layers were separated, and the acidic aqueous layer 
was washed with an additional 20 mL of EtOAc. The combined organic phases were washed with 
2 M aqueous NaOH (2 x 5 mL). The combined, basic, aqueous solution was back-extracted once 
with 10 mL of EtOAc. The combined organic extracts were dried over sodium sulfate (12 g), then 
were filtered and concentrated by rotary evaporation (30 ºC, 75 mm Hg). The crude material was 
purified by silica gel column chromatography (3.0 cm column, 45 g silica gel) eluting with 150 
mL of hexanes followed by 150 mL of hexanes/ethyl acetate, 99:1. The pure fractions were 
combined and concentrated by rotary evaporation (30 ºC, 75 mm Hg) to give 260 mg (0.983 mmol, 
98% yield) of 3.4ah as a white solid. Spectroscopic data was in agreement with literature values.32 
Data for 3.4ah: 
 1H NMR: (500 MHz, CDCl3) 
7.55–7.46 (m, 4 H, HC(10,7)), 7.36 (ddt, J = 7.4, 6.5, 1.1 Hz, 2 H, HC(2)), 7.16–
7.09 (m, 3 H, HC(11,1)), 7.09–7.02 (m, 4 H, HC(3,6)) 
  

























 13C NMR: (126 MHz, CDCl3) 
162.30 (d, 1JCF = 246.1 Hz, C(12)), 157.08 (s, C (4)), 156.85 (s, C(5)), 136.69 (d, 
4JCF = 3.2 Hz, C(9)), 135.31 (s, C(8)), 129.80 (s, 2 C(2)), 128.42 (d, 3JCF = 8.0 Hz, 
2 C(10)), 128.29 (s, 2 C(7)), 123.43 (s, C(1)), 119.07 (s, 2 C(6)), 119.03 (s, 2 
C(3)), 115.63 (d, 2JCF = 21.4 Hz, 2 C(11)) 
 19F NMR: (471 MHz, CDCl3) 
  –116.07 ppm (s, FC(12)) 
 HRMS: calcd for C18H13OF+: 264.0951, found: 264.0946 
 
Preparation of 4-Fluoro-4'-methoxy-1,1'-biphenyl (3.4ai) 
 
Following General Procedure A, 4-bromoanisole (3.2i) (187 mg, 1.00 mmol) was 
combined with neopentyl 4-fluorophenylboronic ester (3.2a) (250 mg, 1.20 mmol, 1.20 equiv). 
Once the reaction was complete, it was quenched with 5 mL of 1 M aqueous HCl. The reaction 
mixture was taken up in 20 mL of EtOAc, the layers were separated, and the acidic aqueous layer 
was washed with an additional 20 mL of EtOAc. The combined organic phases were washed with 
2 M aqueous NaOH (2 x 5 mL). The combined, basic, aqueous solution was back-extracted once 
with 10 mL of EtOAc. The combined organic extracts were dried over sodium sulfate (12 g), then 
were filtered and concentrated by rotary evaporation (30 ºC, 75 mm Hg). The crude material was 
purified by silica gel column chromatography (3.0 cm column, 30 g silica gel) eluting with 500 
mL of hexanes/ethyl acetate, 99:1. The pure fractions were combined and concentrated by rotary 
evaporation (30 ºC, 75 mm Hg) to give 203 mg (1.00 mmol, 100% yield) of 3.4ai as a white solid. 
Spectroscopic data was in agreement with literature values.33 
Data for 3.4ai: 
 1H NMR: (500 MHz, CDCl3) 
7.55–7.40 (m, 4 H, HC(7,8)), 7.10 (t, J = 8.7 Hz, 2 H, HC(8)), 6.97 (d, J = 8.7 Hz, 
2 H, HC(3)), 3.85 (s, 3 H, HC(1)) 
  





















 13C NMR: (126 MHz, CDCl3) 
162.24 (d, 1JCF = 245.6 Hz, C(9)), 159.25 (s, C(2)), 137.11 (d, 4JCF = 3.1 Hz, 
C(6)), 132.98 (s, C(5)), 128.36 (d, 3JCF = 7.9 Hz, 2 C(7)), 128.17 (s, 2 C(4)), 
115.67 (d, 2JCF = 21.4 Hz, 2 C(8)), 114.39 (s, 2 C(3)), 55.51 (s, C(1)) 
 19F NMR: (471 MHz, CDCl3) 
  –116.70 ppm (s, FC(9)) 
 HRMS: calcd for C13H11OF+: 202.0794, found: 202.0792 
 
Preparation of 4-((4'-Fluoro-[1,1'-biphenyl]-3-yl)methyl)morpholine (3.4aj) 
 
Following General Procedure B, 4-(3-bromobenzyl)morpholine (3.2j) (256 mg, 1.00 mmol) 
was combined with neopentyl 4-fluorophenylboronic ester (3.2a) (250 mg, 1.20 mmol, 1.20 equiv). 
The total reaction time was 1 h. Once the reaction was complete, the reaction mixture was taken 
up in 20 mL of EtOAc, and the combined organic phases were washed with 2 M aqueous NaOH 
(2 x 5 mL). The combined, basic, aqueous solution was back-extracted three times with 10 mL of 
EtOAc. The combined organic extracts were dried over sodium sulfate (12 g), then were filtered 
and concentrated by rotary evaporation (30 ºC, 75 mm Hg). The crude material was purified by 
silica gel column chromatography (2.3 cm column, 30 g silica gel) eluting with 400 mL of 
hexanes/ethyl acetate, 4:1, followed by 200 mL of hexane/ethyl acetate, 3:1, followed by 200 mL 
of hexanes/ethyl acetate, 7:3. The pure fractions were combined and concentrated by rotary 
evaporation (30 ºC, 75 mm Hg) to give 271 mg of 3.4aj as faintly yellow oil. The material was 
further purified by Kugelrohr distillation. The material was transferred to a 35-mL, round-
bottomed flask and heated in a Kugelrohr apparatus at 170 ºC under high vacuum. The distillate 
was collected to give 249 mg (0.92 mmol, 92% yield) of product as a colorless oil. 
The product was further purified by silica gel column chromatography (3.0 cm column, 
30g silica gel) eluting with 200 mL of hexanes, followed by 200 mL of EtOAc to remove a trace 
impurity. The pure fractions were combined and concentrated to yield 237 mg (0.87 mmol, 95% 

























recovery) of analytically pure 3.4aj as a clear, colorless oil. 
Data for 3.4aj: 
 1H NMR: (500 MHz, CDCl3) 
7.58–7.43 (m, 2 H, HC(11)), 7.51 (s, 1 H, HC(9)), 7.44 (dt, J = 7.6, 1.4 Hz, 1 H, 
HC(7)), 7.38 (t, J = 7.5 Hz, 1 H, HC(6)), 7.31 (d, J = 7.5 Hz, 1 H, HC(5)), 7.18–
7.09 (m, 2 H, HC(12)), 3.72 (t, J = 4.6 Hz, 4 H, HC(1)), 3.56 (s, 2 H, HC(3)), 2.48 
(t, J = 4.1 Hz, 4 H, HC(2)) 
 13C NMR: (126 MHz, CDCl3) 
162.61 (d, 1JCF = 246.3 Hz, C(13)), 140.40 (s, C(8)), 138.59 (s, C(4)), 137.35 (d, 
4JCF = 3.3 Hz, C(10)), 128.89 (s, C(6)), 128.86 (d, 3JCF = 8.2 Hz, 2 C(11)), 128.27 
(s, C(5)), 127.92 (s, C(9)), 125.99 (s, C(7)), 115.73 (d, 2JCF = 21.4 Hz, 2 C(12)), 
67.17 (s, 2 C(1)), 63.61 (s, C(3)), 53.81 (s, 2 C(2)) 
 19F NMR: (471 MHz, CDCl3) 
  –115.74 ppm (s, FC(13)) 
 IR: (neat, ATR) 
3032 (w), 2957 (w), 2853 (w), 2806 (w), 1681 (w), 1607 (w), 1513 (s), 1483 (m), 
1454 (m), 1439 (w), 1397 (w), 1369 (w), 1349 (m), 1332 (w), 1295 (w), 1283 (w), 
1261 (w), 1223 (s), 1158 (m), 1115 (s), 1070 (m), 1034 (w), 1007 (m), 915 (w), 
875 (m), 860 (m), 836 (s), 807 (m), 782 (s), 707 (m), 696 (m), 631 (w), 617 (w), 
566 (m), 556 (s), 523 (m), 479 (w) 
 MS: (EI) 
271.1 (38.3, M+), 240.1 (21.8), 198.1 (10.8), 186.1 (56.9), 185.1 (100.0), 184.1 
(10.6), 183.1 (35.6), 170.1 (14.4), 165.1 (18.1), 86.1 (29.9)  
 HRMS: calcd for C17H18FNO+: 271.1372, found: 271.1375 
 TLC: Rƒ 0.10 (hexanes/EtOAc, 7:3, UV) 
 Analysis: C17H18FNO (271.34) 
  Calcd:  C, 75.25; H, 6.69; N, 5.16 




Preparation of 4'-Fluoro-[1,1'-biphenyl]-4-amine (3.4ak) 
 
Following General Procedure B, 4-bromoaniline (3.2k) (172 mg, 1.00 mmol) was 
combined with neopentyl 4-fluorophenylboronic ester (3.2a) (250 mg, 1.20 mmol, 1.20 equiv). 
The total reaction time was 15 min, and the reaction was heated at 50 ºC using a silicone oil bath. 
Once the reaction was complete, it was taken up in 20 mL of EtOAc, and the organic phase was 
washed with 2 M aqueous NaOH (2 x 5 mL). The combined, basic, aqueous solution was back-
extracted once with 10 mL of EtOAc. The combined organic extracts were dried over sodium 
sulfate (12 g), then were filtered and concentrated by rotary evaporation (30 ºC, 75 mm Hg) onto 
3 g of Celite. The crude material was purified by silica gel column chromatography (3.0 cm column, 
45 g silica gel) eluting with 500 mL of hexanes/ethyl acetate, 5.6:1, followed by 200 mL of 
hexanes/ethyl acetate, 4:1. The pure fractions were combined and concentrated by rotary 
evaporation (30 ºC, 75 mm Hg) to give 164 mg (0.88 mmol, 88% yield) of 3.4ak as an off-white 
solid. Spectroscopic data was in agreement with literature values.34 
Data for 3.4ak: 
 1H NMR: (500 MHz, CDCl3) 
7.50 (dd, J = 8.8, 5.4 Hz, 2 H, HC(6)), 7.38 (d, J = 8.5 Hz, 2 H, HC(3)), 7.10 (t, J 
= 8.7 Hz, 2 H, HC(7)), 6.78, (d, J = 8.5 Hz, 2 H, HC(2)), 3.75 (br s, 2 H, HN(1)). 
 13C NMR: (126 MHz, CDCl3) 
161.99 (d, 1JCF = 245 Hz, C(8)), 145.93 (s, C(1)), 137.45 (d, 4JCF = 3.2 Hz, C(5)), 
130.79 (s, C(4)), 128.02 (s, 2 C(3)), 127.97 (d, 3JCF = 8.0 Hz, 2 C(6)), 115.56 (d, 
2JCF = 21 Hz, 2 C(7)), 115.53 (s, 2 C(2)) 
 19F NMR: (471 MHz, CDCl3) 
  –117.32 ppm (s, FC(8)) 
 HRMS: calcd for C12H11NF+: 188.0876, found: 188.0871 
 




















Preparation of 2-(4-Fluorophenyl)-6-(trifluoromethyl)pyridine (3.4al) 
 
Following General Procedure A, 2-bromo-6-trifluoromethylpyridine (3.2l) (226 mg, 1.00 
mmol) was combined with neopentyl 4-fluorophenylboronic ester (3.2a) (250 mg, 1.20 mmol, 1.20 
equiv). Once the reaction was complete, the reaction mixture was taken up in 20 mL of EtOAc, 
and the combined organic phases were washed with 2 M aqueous NaOH (2 x 5 mL). The combined, 
basic, aqueous solution was back-extracted three times with 10 mL of EtOAc. The combined 
organic extracts were dried over sodium sulfate (12 g), then were filtered and concentrated by 
rotary evaporation (30 ºC, 75 mm Hg). The crude material was purified by silica gel column 
chromatography (2.3 cm column, 30 g silica gel) eluting with 500 mL of hexanes/ethyl acetate, 
39:1. The product-containing fractions were combined and concentrated by rotary evaporation (30 
ºC, 75 mm Hg) and the resulting solid was dissolved in 20 mL of EtOAc. The solution was 
transferred to a separatory funnel and washed with 2 M aqueous NaOH (2 x 5 mL). The organic 
extracts were dried over sodium sulfate (12 g), then decanted and concentrated. The product was 
purified by silica gel column chromatography (3.0 cm column, 30 g silica gel) eluting with 150 
mL of hexanes, followed by 150 mL of Et2O. The product-containing fractions were combined 
and concentrated by rotary evaporation (30 ºC, 75 mm Hg) to give 225 mg (0.93 mmol, 93% yield) 
of pure 3.4al as a white solid. 
A portion of the material was further purified to analytical purity by Kugelrohr distillation. 
To a 50-mL, round-bottomed flask was added 211 mg (0.88 mmol) which was distilled at 130 ºC 
under high vacuum (0.1 mm Hg). The distillate was collected to yield 188 mg (0.78 mmol, 89% 
recovery) of analytically pure 3.4al as a white solid. 
Data for 3.4al:  
 mp: 46.5-47.4 ºC (sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
8.12–8.03 (m, 2 H, HC(8)), 7.92 (t, J = 7.8 Hz, 1 H, HC(4)), 7.87 (d, J = 7.9 Hz, 1 
H, HC(3)), 7.60 (d, J = 7.5 Hz, 1 H, HC(5)), 7.18 (t, J = 8.7 Hz, 2 H, HC(9)). 






















 13C NMR: (126 MHz, CDCl3) 
164.15 (d, 1JCF = 249.8 Hz, C(10)), 156.90 (s, C(6)), 148.35 (q, 2JCF = 34.7 Hz, 
C(2)), 138.32 (s, C(4)), 134.07 (d, 4JCF = 3.1 Hz, C(7)), 129.19 (d, 3JCF = 8.4 Hz, 
2 C(8)), 122.56 (s, C(5)), 121.65 (q, 1JCF = 274 Hz, C(1)), 118.58 (q, 3JCF = 2.6 
Hz, C(3)), 116.04 (d, 2JCF = 21.7 Hz, 2 C(9)) 
 19F NMR: (471 MHz, CDCl3) 
  –68.11 ppm (s, 3 FC(1)), –111.54 (s, FC(10)) 
 IR: (neat, ATR) 
3084 (w), 1599 (m), 1573 (w), 1512 (m), 1461 (m), 1435 (m), 1398 (w), 1342 (s), 
1302 (w), 1280 (w), 1231 (m), 1176 (s), 1155 (s), 1135 (s), 1113 (s), 1089 (s), 
1049 (m), 1014 (m), 994 (m), 962 (w), 947 (w), 856 (m), 846 (m), 826 (m), 811 
(s), 801 (s), 747 (m), 717 (m), 669 (w), 652 (s), 632 (w), 592 (w), 567 (m), 542 
(m), 508 (m), 478 (w) 
 MS: (EI) 
242.0 (14.1), 241.0 (100.0, M+), 240.0 (25.6), 220.0 (18.2), 172.1 (42.4), 171.0 
(12.6), 145.1 (11.9) 
 HRMS: calcd for C12H7F4N +: 241.0515, found: 241.0523 
 TLC: Rƒ 0.15 (hexanes/EtOAc, 19:1, UV) 
 Analysis: C12H7F4N (241.19) 
  Calcd:  C, 59.76; H, 2.93; N, 5.81 
  Found:  C, 59.62; H, 2.82; N, 5.91 
 
Preparation of 2-(4-Fluorophenyl)pyridine (3.4am) 
 
Following General Procedure B, 2-bromopyridine (3.2m) (158 mg, 1.00 mmol) was 
combined with neopentyl 4-fluorophenylboronic ester (3.2a) (250 mg, 1.20 mmol, 1.20 equiv). 
The total reaction time was 30 min. Once the reaction was complete, the reaction mixture was 
taken up in 20 mL of EtOAc and washed with 2 M aqueous NaOH (2 x 5 mL). The combined, 





















basic, aqueous solution was back-extracted once with 10 mL of EtOAc. The combined organic 
extracts were dried over sodium sulfate (12 g), then were filtered and concentrated by rotary 
evaporation (30 ºC, 75 mm Hg). The crude material was purified by silica gel column 
chromatography (3.0 cm column, 45 g silica gel) eluting with 500 mL of hexanes/ethyl acetate, 
12.3:1. The pure fractions were combined and concentrated by rotary evaporation (30 ºC, 75 mm 
Hg) to give 163 mg (0.94 mmol, 94% yield) of 3.4am as a white solid. Spectroscopic data was in 
agreement with literature values.35 
Data for 3.4am: 
 1H NMR: (500 MHz, CDCl3) 
8.68 (d, J = 4.6 Hz, 1 H, HC(1)), 7.98 (dd, J = 8.7, 5.5 Hz, 2 H, HC(7)), 7.75 (td, 
J = 7.6, 1.5 Hz, 1 H, HC(3)), 7.68 (d, J = 7.9 Hz, 1 H, HC(4)), 7.24–7.19 (m, 1 H, 
HC(2)), 7.16 (t, J = 8.7 Hz, 2 H, HC(8)) 
 13C NMR: (126 MHz, CDCl3) 
163.66 (d, 1JCF = 248.5 Hz, C(9)), 156.61 (s, C(5)), 149.83 (s, C(1)), 136.95 (s, 
C(3)), 135.71 (d, 4JCF = 3.2 Hz, C(6)), 128.84 (d, 3JCF = 8.3 Hz, 2 C(7)), 122.18 
(s, C(2)), 120.35 (s, C(4)), 115.79 (d, 2JCF = 21.6 Hz, 2 C(8)) 
 19F NMR: (471 MHz, CDCl3) 
  –113.16 ppm (s, FC(9)) 
 HRMS: calcd for C11H9NF+: 174.0719, found: 174.0715 
 
Preparation of tert-Butyl((4'-fluoro-[1,1'-biphenyl]-3-yl)oxy)dimethylsilane (3.4an) 
 
Following General Procedure A, aryl bromide (3.2n) (287.3 mg, 1.00 mmol) was combined 
with neopentyl 4-fluorophenylboronic ester (3.2a) (250 mg, 1.20 mmol, 1.20 equiv). Once the 
reaction was complete, it was quenched with 5 mL of 1 M aqueous HCl. The reaction mixture was 
taken up in 20 mL of EtOAc, the layers were separated, and the acidic aqueous layer was washed 
with an additional 20 mL of EtOAc. The combined organic phases were washed with 2 M aqueous 
NaOH (2 x 5 mL). The combined, basic, aqueous solution was back-extracted once with 10 mL of 






























EtOAc. The combined organic extracts were dried over sodium sulfate (12 g), then were filtered 
and concentrated by rotary evaporation (30 ºC, 75 mm Hg). The crude material was purified by 
silica gel column chromatography (3.0 cm column, 30 g silica gel) eluting with 400 mL of hexane 
followed by 200 mL of hexanes/ethyl acetate, 199:1. The pure fractions were combined and 
concentrated by rotary evaporation (30 ºC, 75 mm Hg) to give 203 mg (1.00 mmol, 100% yield) 
of analytically pure 3.4an as a clear, colorless oil. 
Data for 3.4an: 
 1H NMR: (500 MHz, CDCl3) 
7.52 (dd, J = 8.2, 5.7 Hz, 2 H, HC(11)), 7.28 (t, J = 7.9 Hz, 1 H, HC(8)), 7.16–
7.08 (m, 3 H, HC(7,12)), 7.01 (s, 1 H, HC(5)), 6.85–6.80 (m, 1 H, HC(9)), 1.01 (s, 
9 H, HC(1)), 0.24 (s, 6 H, HC(3)) 
 13C NMR: (126 MHz, CDCl3) 
162.61 (d, 1JCF = 246.3 Hz, C(13)), 156.18 (s, C(4)), 141.84 (s, C(6)), 137.26 (d, 
4JCF = 3.2 Hz, C(10)), 129.86 (s, C(8)), 128.79 (d, 3JCF = 8.1 Hz, 2 C(11)), 120.22 
(s, C(7)), 119.03 (s, C(5 or 9)), 118.97 (s, C(5 or 9)), 115.43 (d, 2JCF = 21.4 Hz, 2 
C(12)), 25.86 (s, 3 C(1)), 18.39 (s, C(2)), -4.19 (s, 2 C(3)) 
 19F NMR: (471 MHz, CDCl3) 
  –115.69 ppm (s, FC(13)) 
 IR: (neat, ATR) 
2956 (w), 2930 (w), 2886 (w), 2858 (w), 1601 (m), 1578 (m), 1515 (m), 1478 (s), 
1438 (w), 1396 (w), 1362 (w), 1304 (m), 1257 (m), 1210 (s), 1164 (w), 1097 (w), 
1041 (w), 1001 (w), 933 (s), 880 (w), 831 (s), 807 (s), 779 (s), 744 (m), 720 (w), 
695 (m), 664 (w), 640 (w), 615 (w), 558 (m), 531 (w) 
 MS: (EI) 
303.2 (30.2, M+), 302.1 (82.8), 246.1 (81.1), 245.0 (100.0), 230.1 (10.8), 229.0 
(58.6), 215.0 (12.8), 183.1 (14.8), 171.1 (15.7), 170.1 (58.3), 165.1 (24.3), 151.1 
(11.1), 139.1 (10.6), 122.5 (17.6), 77.0 (69.8), 75.0 (23.9), 73.0 (13.3) 
 HRMS: calcd for C18H24FOSi +: 303.1580, found: 303.1578 




 Analysis: C18H23FOSi (302.46) 
  Calcd:  C, 71.48; H, 7.67 
  Found:  C, 71.86; H, 7.73 
 
Preparation of 4'-Fluoro-2,4,6-trimethyl-1,1'-biphenyl (3.4ac) 
 
Following General Procedure B, 2-bromomesitylene (3.2c) (199 mg, 1.00 mmol) was 
combined with neopentyl 4-fluorophenylboronic ester (3.2a) (250 mg, 1.20 mmol, 1.20 equiv). 
The total reaction time was 3 h. Once the reaction was complete, it was quenched with 5 mL of 1 
M aqueous HCl. The reaction mixture was taken up in 20 mL of EtOAc, the layers were separated, 
and the acidic aqueous layer was washed with an additional 20 mL of EtOAc. The combined 
organic phases were washed with 2 M aqueous NaOH (2 x 5 mL). The combined, basic, aqueous 
solution was back-extracted once with 10 mL of EtOAc. The combined organic extracts were dried 
over sodium sulfate (12 g), then were filtered and concentrated by rotary evaporation (30 ºC, 75 
mm Hg). The crude material was purified by silica gel column chromatography (3.0 cm column, 
45 g silica gel) eluting with 500 mL of hexanes. The pure fractions were combined and 
concentrated by rotary evaporation (30 ºC, 75 mm Hg) to give 199 mg (0.93 mmol, 93% yield) of 
3.4ac as a white solid. Spectroscopic data was in agreement with literature values.36 
Data for 3.4ac: 
 1H NMR: (500 MHz, CDCl3) 
7.13–7.05 (m, 4 H, HC(8,9)), 6.94 (s, 2 H, HC(3)), 2.33 (s, 3 H, HC(1)), 1.99 (s, 6 
H, HC(5)) 
 13C NMR: (126 MHz, CDCl3) 
161.84 (d, 1JCF = 244.6 Hz, C(10)), 138.12 (s, C(2)), 137.00 (d, 4JCF = 3.5 Hz, 
C(7)), 136.94 (s, C(6)), 136.27 (s, 2 C(4)), 130.97 (d, 3JCF = 7.8 Hz, 2 C(8)), 
128.25 (s, 2 C(3)), 115.44 (d, 2JCF = 21.2 Hz, 2 C(9)), 21.16 (s, C(1)), 20.87 (s, 2 
C(5)) 
 19F NMR: (471 MHz, CDCl3) 





















  –116.45 ppm (s, FC(10)) 
 HRMS: calcd for C15H15F+: 214.1158, found: 214.1162 
 
Preparation of 4'-Fluoro-2,4,6-triisopropyl-1,1'-biphenyl (3.4ao) 
 
Following General Procedure B, 2-bromo-1,3,5-triisopropylbenzene (3.2o) (283 mg, 1.00 
mmol) was combined with neopentyl 4-fluorophenylboronic ester (3.2a) (250 mg, 1.20 mmol, 1.20 
equiv). The total reaction time was 3 h. Once the reaction was complete, it was quenched with 5 
mL of 1 M aqueous HCl. The reaction mixture was taken up in 20 mL of EtOAc, the layers were 
separated, and the acidic aqueous layer was washed with an additional 20 mL of EtOAc. The 
combined organic phases were washed with 2 M aqueous NaOH (2 x 5 mL). The combined, basic, 
aqueous solution was back-extracted once with 10 mL of EtOAc. The combined organic extracts 
were dried over sodium sulfate (12 g), then were filtered and concentrated by rotary evaporation 
(30 ºC, 75 mm Hg). The crude material was purified by silica gel column chromatography (3.0 cm 
column, 60 g silica gel) eluting with 600 mL of hexanes. The fractions were combined and 
concentrated by rotary evaporation, and the crude material was further purified by silica gel 
column chromatography (3.0 cm column, 45 g silica gel) eluting with 500 mL of hexanes. The 
pure fractions were combined and concentrated by rotary evaporation (30 ºC, 75 mm Hg) to give 
232 mg (0.78 mmol, 78% yield) of 3.4ao as a white solid. 
A portion of this material was further purified to analytical purity. The material was 
recrystallized by adding 212 mg (0.71 mmol) of product to a 20-mL, scintillation vial, followed 
by 2 mL of ethanol. The ethanol was heated to reflux, and additional ethanol was added until 
material completely dissolved, to a total volume of 4 mL. The solution was then allowed to come 
to room temperature, and stored at -20 ºC for 48 h. The mother liquor was removed from the 
resulting white crystals using a syringe, and the crystals were washed with 0.5 mL of -20 ºC ethanol, 
which was also removed by syringe. The crystals were dried under high vacuum for 8 h, to yield 
181 mg (0.61 mmol, 85% recovery) of analytically pure 3.4ao as a white, crystalline solid. 




















Data for 3.4ao: 
 mp: 160.2-160.8 ºC (EtOH, sealed tube) 
 1H NMR: (500 MHz, CDCl3) 
7.17–7.06 (m, 4 H, HC(10,11)), 7.05 (s, 2 H, HC(4)), 2.94 (hept, J = 6.9 Hz, 1 H, 
HC(2)), 2.58 (hept, J = 6.9 Hz, 2 H, HC(6)), 1.31 (d, J = 6.9 Hz, 3 H, HC(1)), 
1.08 (d, J = 6.9 Hz, 6 H, HC(7)) 
 13C NMR: (126 MHz, CDCl3) 
161.67 (d, 1JCF = 244.8 Hz, C(12)), 148.10 (s, C(3)), 146.71 (s, 2 C(5)), 136.58 (d, 
4JCF = 3.6 Hz, C(9)), 135.94 (s, C(8)), 131.21 (d, 3JCF = 7.7 Hz, 2 C(10)), 120.57 
(s, 2 C(4)), 114.84 (d, 2JCF = 21.1 Hz, 2 C(11)), 34.28 (s, C(2)), 30.26 (s, 2 C(6)), 
24.15 (s, 4 C(7)), 24.08 (s, 2 C(1)) 
 19F NMR: (471 MHz, CDCl3) 
  –116.52 ppm (s, FC(12)) 
 IR: (neat, ATR) 
2958 (m), 2927 (w), 2868 (w), 1600 (w), 1569 (w), 1508 (m), 1470 (m), 1459 
(m), 1381 (w), 1361 (m), 1319 (w), 1236 (w), 1214 (s), 1154 (m), 1088 (m), 1072 
(w), 1057 (w), 1007 (w), 949 (w), 882 (m), 842 (s), 812 (s), 783 (w), 732 (w), 664 
(w), 655 (m), 623 (w), 582 (w), 553 (w), 537 (m), 508 (m) 
 MS: (EI) 
299.2 (20.9), 298.2 (91.5, M+), 283.2 (41.8), 255.1 (20.2), 253.0 (13.4), 241.1 
(29.4), 213.1 (13.1), 200.1 (14.9), 199.1 (100.0), 197.1 (12.3), 183.0 (10.5) 
 HRMS: calcd for C21H27F+: 298.2097, found: 298.2099 
 TLC: Rƒ 0.29 (hexanes/EtOAc, 19:1, UV) 
 Analysis: C21H27F (298.45) 
  Calcd:  C, 84.51; H, 9.12 





Preparation of Ethyl 4'-Fluoro-[1,1'-biphenyl]-2-carboxylate (3.4ap) 
 
Following General Procedure B, ethyl-2-bromobenzoate (3.2p) (229 mg, 1.00 mmol) was 
combined with neopentyl 4-fluorophenylboronic ester (3.2a) (250 mg, 1.20 mmol, 1.20 equiv). 
The total reaction time was 15 min. Once the reaction was complete, it was quenched with 5 mL 
of 1 M aqueous HCl. The reaction mixture was taken up in 20 mL of EtOAc, the layers were 
separated, and the acidic aqueous layer was washed with an additional 20 mL of EtOAc. The 
combined organic phases were washed with 2 M aqueous NaOH (4 x 5 mL). The combined, basic, 
aqueous solution was back-extracted once with 10 mL of EtOAc. The combined organic extracts 
were dried over sodium sulfate (12 g), then were filtered and concentrated by rotary evaporation 
(30 ºC, 75 mm Hg). The crude material was purified by silica gel column chromatography (3.0 cm 
column, 45 g silica gel) eluting with 600 mL of hexanes/ethyl acetate, 49:1. The pure fractions 
were combined and concentrated by rotary evaporation (30 ºC, 75 mm Hg) to give 224 mg (0.92 
mmol, 92% yield) of 3.4ap as a white solid. Spectroscopic data was in agreement with literature 
values.37 
Data for 3.4ap: 
 1H NMR: (500 MHz, CDCl3) 
1H NMR (500 MHz, Chloroform-d) δ 7.84 (d, J = 8.8 Hz, 1 H, HC(5)), 7.52 (td, J 
= 7.6, 1.4 Hz, 1 H, HC(7)), 7.42 (td, J = 7.6, 1.3 Hz, 1 H, HC(6)), 7.36–7.31 (m, 1 
H, HC(8)), 7.30–7.26 (m, 2 H, HC(11)), 7.08 (t, J = 8.7 Hz, 2 H, HC(12)), 4.11 
(q, J = 7.1 Hz, 2 H, HC(2)), 1.05 (t, J = 7.1 Hz, 3 H, HC(1)). 
 13C NMR: (126 MHz, CDCl3) 
168.66 (s, C(3)), 162.41 (d, 1JCF = 246.1 Hz, C(13)), 141.56 (s, C(9)), 137.66 (d, 
4JCF = 3.4 Hz, C(10)), 131.34 (s, C(7)), 130.80 (s, C(8)), 130.12 (d, 3JCF = 8.0 Hz, 
2 C(11)), 130.01 (s, C(5)), 127.47 (s, C(6)), 115.03 (d, 2JCF = 21.5 Hz, 2 C(12)), 
61.11 (s, C(2)), 13.91 (s, C(1)). 
 19F NMR: (471 MHz, CDCl3) 


























  –115.62 ppm (s, FC(13)) 
 HRMS: calcd for C15H13O2F+: 244.0900, found: 244.0904 
 
Preparation of 4',5-Difluoro-2-methyl-1,1'-biphenyl (3.4aq) 
 
Following General Procedure B, 2-chloro-4-fluorotoluene (6.7q) (145 mg, 1.00 mmol) was 
combined with neopentyl 4-fluorophenylboronic ester (3.2a) (250 mg, 1.20 mmol, 1.20 equiv). 
The total reaction time was 30 min. Once the reaction was complete, it was quenched with 5 mL 
of 1 M aqueous HCl. The reaction mixture was taken up in 20 mL of EtOAc, the layers were 
separated, and the acidic aqueous layer was washed with an additional 20 mL of EtOAc. The 
combined organic phases were washed with 2 M aqueous NaOH (2 x 5 mL). The combined, basic, 
aqueous solution was back-extracted once with 10 mL of EtOAc. The combined organic extracts 
were dried over sodium sulfate (12 g), then were filtered and concentrated by rotary evaporation 
(30 ºC, 75 mm Hg) onto 3 g of Celite. The crude material was purified by silica gel column 
chromatography (3.0 cm column, 45 g silica gel) eluting with 500 mL of hexanes. The pure 
fractions were combined and concentrated by rotary evaporation (30 ºC, 75 mm Hg) to give 150 
mg (0.74 mmol, 74% yield) of analytically pure 3.4aq as a white solid. 
Data for 3.4aq: 
 1H NMR: (500 MHz, CDCl3) 
7.31–7.24 (m, 2 H, HC(9)), 7.20 (dd, J = 8.3, 5.9 Hz, 1 H, HC(6)), 7.11 (t, J = 8.7 
Hz, 2 H, HC(10)), 7.00–6.87 (m, 2 H, HC(3,4)), 2.20 (s, 3 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
162.25 (d, 1JCF = 246 Hz, C(11)), 161.06 (d, 1JCF = 244 Hz, C(5)), 142.57 (d, 3JCF 
= 7.6 Hz, C(7)), 137.02 (dd, 4JCF = 3.3, 1.9 Hz, C(8)), 131.72 (d, 3JCF = 7.9 Hz, 
C(3)), 131.09 (d, 4JCF = 3.2 Hz, C(2)), 130.70 (d, 3JCF = 8.0 Hz, 2 C(9)), 116.54 
(d, 2JCF = 21.3 Hz, C(6)), 115.29 (d, 2JCF = 21.4 Hz, 2 C(10)), 114.17 (d, 2JCF = 
20.7 Hz, C(4)), 19.80 (s, C(1)) 



























 19F NMR: (471 MHz, CDCl3) 
  –118.05 ppm (s, FC(5)), –115.28 (s, FC(11)) 
 IR: (neat, ATR) 
3044 (w), 2958 (w), 2929 (w), 1894 (w), 1611 (m), 1596 (w), 1580 (w), 1513 (m), 
1491 (s), 1449 (w), 1416 (w), 1397 (w), 1383 (w), 1300 (w), 1273 (w), 1258 (w), 
1223 (s), 1191 (m), 1178 (m), 1158 (m), 1120 (w), 1094 (w), 1034 (w), 1015 (w), 
993 (w), 941 (w), 894 (m), 876 (m), 836 (s), 810 (s), 752 (m), 730 (w), 709 (w), 
692 (m), 638 (w), 600 (w), 574 (s), 543 (m), 517 (w), 481 (w), 465 (m) 
 MS: (EI) 
205.1 (16.2), 204.1 (100.0, M+), 203.1 (55.9), 202.0 (11.0), 201.0 (29.5), 189.0 
(14.3), 184.1 (23.0), 183.1 (61.4), 55.0 (13.8) 
 HRMS: calcd for C13H11F2+: 205.0829, found: 205.0824 
 TLC: Rƒ 0.53 (hexanes/EtOAc, 19:1, UV) 
 Analysis: C13H10F2 (204.22) 
  Calcd:  C, 76.46; H, 4.94 
  Found:  C, 76.12; H, 4.76 
 
Preparation of 4'-Fluoro-[1,1'-biphenyl]-4-carbonitrile (3.4ar) 
 
Following General Procedure B, 4-chlorobenzonitrile (6.7r) (138 mg, 1.00 mmol) was 
combined with neopentyl 4-fluorophenylboronic ester (3.2a) (250 mg, 1.20 mmol, 1.20 equiv). 
The total reaction time was 30 min. Once the reaction was complete, it was quenched with 5 mL 
of 1 M aqueous HCl. The reaction mixture was taken up in 20 mL of EtOAc, the layers were 
separated, and the acidic aqueous layer was washed with an additional 20 mL of EtOAc. The 
combined organic phases were washed with 2 M aqueous NaOH (4 x 5 mL). The combined, basic, 
aqueous solution was back-extracted once with 10 mL of EtOAc. The combined organic extracts 
were dried over sodium sulfate (12 g), then were filtered and concentrated by rotary evaporation 
(30 ºC, 75 mm Hg). The crude material was purified by silica gel column chromatography (3.0 cm 






















column, 45 g silica gel) eluting with 400 mL of hexanes/dichloromethane, 19:1, followed by 200 
mL of hexanes/dichloromethane, 7.3:1, followed by 400 mL of hexanes/dichloromethane, 3:1. The 
pure fractions were combined and concentrated by rotary evaporation (30 ºC, 75 mm Hg) to give 
179 mg (0.86 mmol, 86% yield) of 3.4ar as a white solid. Spectroscopic data was in agreement 
with literature values.38 
Data for 3.4ar: 
 1H NMR: (500 MHz, CDCl3) 
7.72 (d, J = 8.6 Hz, 2 H, HC(3)), 7.64 (d, J = 8.6 Hz, 2 H, HC(4)), 7.56 (dd, J = 
8.9, 5.2 Hz, 2 H, HC(7)), 7.17 (t, J = 8.7 Hz, 2 H, HC(8)) 
 13C NMR: (126 MHz, CDCl3) 
163.34 (d, 1JCF = 248.9 Hz, C(9)), 144.78 (s, C(5)), 135.46 (d, 4JCF = 3.3 Hz, 
C(6)), 132.81 (s, 2 C(3)), 129.10 (d, 3JCF = 8.3 Hz, 2 C(7)), 127.73 (s, 2 C(4)), 
118.97 (s, C(1)), 116.28 (d, 2JCF = 21.7 Hz, 2 C(8)), 111.14 (s, C(2)) 
 19F NMR: (471 MHz, CDCl3) 
  –113.13 ppm (s, FC(9)) 
 HRMS: calcd for C13H8NF+: 197.0641, found: 197.0633 
 
Preparation of 1-Benzyl-4-fluorobenzene (3.4as) 
 
Following General Procedure B, benzyl chloride (6.7s) (127 mg, 1.00 mmol) was 
combined with boronic ester 3.2a (250 mg, 1.20 mmol, 1.20 equiv). The total reaction time was 2 
h. The crude material was purified by silica gel column chromatography (3.0 cm column, 50 g 
silica gel) eluting with pure hexanes. The pure fractions were combined and concentrated by rotary 
evaporation (40 ºC, 10 mm Hg). The product was dried under vacuum (0.1 mm Hg) to afford 158 
mg (0.85 mmol, 85% yield) of pure 3.4as as a colorless oil. Spectroscopic data was in agreement 
with literature values.39  
Data for 3.4as: 
 1H NMR: (500 MHz, CDCl3) 
7.30 (t, J = 7.5 Hz, 2 H, HC(3)), 7.21 (t, J = 7.3 Hz, 1 H, HC(1)), 7.19–7.11 (m, 4 
3
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H, HC(2, 7)), 6.97 (t, J = 8.7 Hz, 2H, HC(8)), 3.96 (s, 2 H, HC(5)) 
 13C NMR: (126 MHz, CDCl3) 
161.55 (d, 1JCF = 243.9 Hz, C(9)), 141.07 (s, C(3)), 136.89 (d, 4JCF = 3.3 Hz, 
C(6)), 130.41 (d, 3JCF = 7.8 Hz, 2 C(7)), 128.96 (s, C(2)), 128.66 (s, C(3)), 126.33 
(s, C(1)), 115.34 (d, 2JCF = 21.1 Hz, 2 C(8)), 41.22 (s, C(5)) 
 19F NMR: (471 MHz, CDCl3) 
  -117.35 ppm (s, FC(9)) 
 HRMS: calcd for C13H11F+: 186.0845, found: 186.0847 
 
Cross-Coupling of Non-Fluorinated Partners 
 
Preparation of 4'-(1,3-Dioxolan-2-yl)-[1,1'-biphenyl]-4-carbonitrile (3.4kt) 
 
Following General Procedure B, 2-(4-bromophenyl)-1,3-dioxolane (3.2t) (229 mg, 1.00 
mmol) was combined with neopentyl 4-cyanophenylboronic ester (3.2k) (258 mg, 1.20 mmol, 1.20 
equiv). The total reaction time was 15 min. The crude material was purified by silica gel column 
chromatography (3.0 cm column, 45 g silica gel) eluting with 400 mL of hexanes/dichloromethane, 
39:1, followed by 200 mL of hexanes/dichloromethane, 88:12, followed by 400 mL of 
hexanes/dichloromethane, 3:1. The pure fractions were combined and concentrated by rotary 
evaporation (75 mm Hg, 30 ºC) to give 219 mg (0.87 mmol, 87%) of 3.4kt as a white solid. 
Spectroscopic data was in agreement with literature values.40 
Data for 3.4kt: 
 1H NMR: (500 MHz, CDCl3) 
7.73 (d, J = 8.0 Hz, 2 H, HC(9)), 7.68 (d, J = 8.7 Hz, 2 H, HC(8)), 7.60 (app. s, 4 
H, HC(4,5)), 5.87 (s, 1 H, HC(2)), 4.20–4.12 (m, 2 H, HC(1)), 4.11–4.04 (m, 2 H, 
HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
145.37 (s, C(9)), 140.17 (s, C(8)), 138.58 (s, C(3)), 132.75 (s, C(9)), 127.93 (s, 



























C(8)), 127.43 (s, C(4 or 5)), 127.37 (s, C(4 or 5)), 119.02 (s, C(11)), 111.26 (s, 
C(10)), 103.43 (s, C(2)), 65.56 (s, C(1)) 
 HRMS: calcd for C16H14NO2+: 252.1025, found: 252.1028 
 
Preparation of (E)-2-Phenylethenylfuran (3.4bu) 
 
Following General Procedure A, (E)-2-bromoethenylbenzene (3.2u) (183 mg, 1.00 mmol) 
was combined with neopentyl furan-2-ylboronic ester (3.2b) (216 mg, 1.20 mmol, 1.20 equiv). 
The reaction mixture was taken up in 20 mL of EtOAc and washed with 2 M aqueous NaOH (2 x 
5 mL). The organic phased was dried over sodium sulfate, and the crude material was purified by 
silica gel column chromatography (3.0 cm column, 30 g silica gel) eluting with 500 mL of hexanes. 
The pure fractions were combined and concentrated by rotary evaporation (75 mm Hg, 30 ºC) to 
give 160 mg (0.94 mmol, 94%) of 3.4bu as a yellow solid. Spectroscopic data was in agreement 
with literature values.41 
Data for 3.4bu: 
 1H NMR: (500 MHz, CDCl3) 
7.47 (d, J = 7.2 Hz, 2 H, HC(3)), 7.41 (d, J = 1.0 Hz, 1 H, HC(10)), 7.35 (t, J = 
7.6 Hz, 2 H, HC(2)), 7.28–7.21 (m, 1 H, HC(1)), 7.05 (d, J = 16 Hz, 1 H, HC(5)), 
6.90 (d, J = 16 Hz, 1 H, HC(6)), 6.43 (dd, J = 3.2, 1.8 Hz, 1 H, HC(9)), 6.36 (d, J 
= 3.3 Hz, 1 H, HC(8)) 
 13C NMR: (126 MHz, CDCl3) 
153.27 (s, C(7)), 142.13 (s, C(10)), 137.02 (s, C(4)), 128.68 (s, 2 C(2)), 127.57 (s, 
C(1)), 127.14 (s, C(5)), 126.32 (s, 2 C(3)), 116.54 (s, C(6)), 111.64 (s, C(9)), 
108.56 (s, C(8)) 
 HRMS: calcd for C12H11O+: 171.0810, found: 171.0807 
 




















Preparation of N-Benzyl-1-(4'-(tert-butyl)-[1,1'-biphenyl]-3-yl)methanaminium chloride 
(3.4wv) 
 
Following General Procedure B, N-benzyl-1-(3-bromophenyl)methanamine (3.2v) (276 
mg, 1.00 mmol) was combined with neopentyl 4-tert-butylphenylboronic ester (3.2w) (295 mg, 
1.20 mmol, 1.20 equiv). The total reaction time was 30 min. The crude material was purified by 
silica gel column chromatography (3.0 cm column, 45 g silica gel) eluting with 500 mL of 
hexanes/ethyl acetate, 7:3. The pure fractions were combined and concentrated to give 332 mg of 
impure product an orange oil. The oil was dissolved in 10 mL of diethyl ether, and 0.5 mL of 4 M 
HCl in dioxane was added dropwise to the stirring solution at room temperature. The solution was 
left to crystalize for 4 h at –20 ºC, at which point the mother liquor was removed by syringe, and 
the crystals were washed with cold pentane (2 x 5 mL) then dried to give 329 mg (0.90 mmol, 
90%) of 3.4wv as an off-white solid. 
A portion of the sample was further purified. A sample of crystals weighing 199 mg (0.53 
mmol) was triturated with cold acetone, which was removed by syringe. The crystals were washed 
with cold pentane (2 x 5 mL) and dried to give 187 mg (0.51 mmol, 94% recovery) of product as 
a white solid. A sample of this material weighing 80 mg (0.22 mmol) was dissolved in acetone, 
and concentrated to return 80 mg (0.22 mmol, 100% recovery) of analytically pure 3.4wv (HCl 
salt) as a white solid. 
Data for 3.4wv: 
 mp: 191.0-192.5 °C (sealed tube) 
 1H NMR: (500 MHz, DMSO-d6) 
9.69 (s, 2 H, HN), 7.90 (s, 1 H, HC(8)), 7.69 (dt, J = 7.0, 1.8 Hz, 1 H, HC(10)), 
7.64 (d, J = 8.5 Hz, 2 H, HC(14)), 7.57 (dd, J = 7.7, 1.6 Hz, 2 H, HC(3)), 7.54 – 
7.47 (m, 4 H, HC(1 or 11 or 12, 15)), 7.44 (d, J = 7.5 Hz, 3 H, HC(1 or 11 or 12, 
2)), 4.21 (s, 2 H, HC(5)), 4.19 (s, 2 H, HC(6)), 1.32 (s, 9 H, HC(18)) 































 13C NMR: (126 MHz, DMSO-d6) 
150.22 (s, C(16)), 140.28 (s, C(9)), 136.70 (s, C(13)), 132.53 (s, C(7)), 131.94 (s, 
C(4)), 130.08 (s, 2 C(3)), 129.15 (s, C(11)), 128.90 (s, C(12)), 128.75 (s, C(1)), 
128.61 (s, 2 C(2)), 128.36 (s, C(8)), 126.84 (s, C(10)), 126.39 (s, 2 C(14)), 125.73 
(s, 2 C(15)), 49.97 (s, 2 C(5,6)), 34.28 (s, C(17)), 31.09 (s, 3 C(18)) 
 IR: (neat, ATR) 
2960 (w), 2692 (w), 2619 (w), 1567 (w), 1514 (w), 1499 (w), 1484 (w), 1456 (m), 
1438 (w), 1397 (w), 1361 (w), 1268 (w), 1215 (w), 1195 (w), 1112 (w), 1084 (w), 
1020 (w), 983 (w), 920 (w), 867 (w), 840 (w), 797 (m), 756 (m), 745 (w), 699 (s), 
669 (w), 649 (w), 630 (w), 596 (w), 570 (m), 545 (w), 490 (m), 459 (w) 
 MS: (ESI) 
331.2 (28), 330.2 (100.0, M+ -Cl-) 
 HRMS: calcd for C24H28N+: 330.2222, found: 330.2213 
 Analysis: C24H28BNCl•0.1HCl (369.55) 
  Calcd:  C, 78.08; H, 7.66; N, 3.79  
  Found:  C, 78.08; H, 7.63 ; N, 3.42 
 
Preparation of Ethyl 2-(5-Methoxy-2-methyl-1-(4-methylbenzoyl)-1H-indol-3-yl)acetate 
(3.4xw) 
 
 Following a modified version of General Procedure B, ethyl 2-(1-(4-chlorobenzoyl)-5-
methoxy-2-methyl-1H-indol-3-yl) acetate (3.2w) (385 mg, 1.00 mmol) was combined with 
boronic ester 3.2x (156.1 mg, 1.22 mmol, 1.22 eq). A 2 M solution of TMSOK in THF (0.45 mL, 
0.9 mmol, 0.9 equiv) was added to the reaction flask. The reaction mixture was stirred at room 
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0.9 mmol, 0.9 equiv) was added. The total reaction time was 150 min. The crude material (0.50 g) 
was purified by silica gel column chromatography (3.0 cm column, 30 g silica gel) eluting with 
hexanes/ethyl acetate, 2:1. The pure fractions were combined and concentrated by rotary 
evaporation (40 ºC, 10 mm Hg) and dried under vacuum (0.1 mmHg) to give 356 mg of an off-
white solid (0.97 mmol, 97% yield). The product was further purified by recrystallization by 
suspending the product in boiling hexanes (10 mL) at which point diethyl ether was added 
dropwise until all material was dissolved. Slow evaporation of solvent under a nitrogen atmosphere 
furnished crystals which were dried under vacuum (0.1 mm Hg) to afford 196 mg (0.53 mmol, 53% 
yield) of analytically pure 3.4xw as an off-white crystalline solid. 
Data for 3.4xw: 
 mp: 78-79 °C (sealed tube) 
 1H NMR: (500 MHz, CD2Cl2) 
7.59 (d, J = 8.1 Hz, 2 H, HC(17)), 7.31 (d, J = 7.9 Hz, 2 H, HC(18)), 6.97–6.91 
(m, 2 H, HC(7, 11)), 6.64 (dd, J = 9.0, 2.5 Hz, 1 H, HC(10)), 4.14 (q, J = 7.1 Hz, 
2 H, HC(2)), 3.82 (s, 3 H, HC(9)), 3.66 (s, 2 H, HC(4)), 2.46 (s, 3 H, HC(20)), 
2.32 (s, 3 H, HC(14)), 1.25 (t, J = 7.1 Hz, 3 H, HC(1)) 
 13C NMR: (126 MHz, CD2Cl2) 
171.36 (s, C(13)), 169.86 (s, C(15)), 156.39 (s, C(8)), 144.41 (s, C(19)), 136.55 
(s, C(13)), 133.39 (s, C(16)), 131.58 (s, C(12)), 131.08 (s, C(6)), 130.35 (s, 2 
C(17)), 129.91 (s, 2 C(18)), 115.45 (s, C(11)), 112.70 (s, C(5)), 111.85 (s, C(10)), 
101.50 (s, C(7)), 61.43 (s, C(2)), 56.13 (s, C(9)), 30.81 (s, C(4)), 22.02 (s, C(20)), 
14.61 (s, C(1)), 13.61 (s, C(14)) 
 IR: (neat, ATR) 
2980 (w), 2929 (w), 1737 (s), 1688 (s), 1610 (m), 1476 (m), 1456 (m), 1410 (w), 
1395 (w), 1367 (m), 1358 (m), 1331 (s), 1306 (s), 1290 (m), 1268 (m), 1236 (m), 
1214 (s), 1172 (s), 1149 (s), 1118 (m), 1067 (s), 1029 (s), 925 (m), 902 (m), 881 
(w), 839 (m), 829 (s), 805 (s), 789 (m), 768 (m), 750 (s), 733 (m), 705 (m), 672 
(m), 637 (w), 625 (m), 600 (m), 578 (m), 553 (w), 518 (w), 489 (w), 467 (w) 
 MS: (EI) 
  366.2 (13.1), 365.2 (45.0, M+), 292.1 (10.0), 174.1 (12.5), 119.1 (100.0) 
 HRMS: calcd for C22H23NO4+: 365.1627, found: 365.1635 
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 TLC: Rƒ 0.56 (hexanes/EtOAc, 2:1, UV) 
 Analysis: C22H23NO4 (365.43) 
  Calcd:  C, 72.31; H, 6.34; N, 3.83 
  Found:  C, 72.04; H, 6.14; N, 3.89 
 
Comparison to Literature Reactions 
Preparation of N-Ethyl-N-(2-Methyl-5-nitrobenzyl)ethanamine (3.4xx) 
 
Following a modified version of General Procedure B, N-(2-bromo-5-nitrobenzyl)-N-
ethylethanamine 3.2x (287.4 mg, 1.00 mmol, prepared from a previously reported procedure42) 
was combined with P(2-tol)3 (91.4 mg, 0.3 mmol, 0.3 equiv) and Pd(OAc)2 (33.6 mg, 0.15 mmol, 
0.15 equiv) in a 15-mL, one-piece, round-bottomed flask and condenser. The reaction vessel was 
evacuated by high vacuum and then backfilled with argon. To the reaction vessel was added 6.3 
mL of degassed THF and 215 µL of boronic ester 3.2x (191.7 mg, 1.50 mmol, 1.5 equiv). A 2 M 
TMSOK solution in THF (0.45 mL, 0.9 mmol, 0.9 equiv) was added at 23 ºC with stirring and the 
flask was placed into a pre-warmed 75°C oil bath (internal reaction temperature measured, 66°C). 
After 4 h, a second portion of 2 M TMSOK solution in THF (0.45 mL, 0.9 mmol, 0.9 equiv) was 
added. The total reaction time was 16 h. The reaction was cooled to room temperature and diluted 
with 3 mL of water. The biphasic mixture was extracted three times with ethyl acetate (3 x 20 mL). 
The combined organic layers were dried over sodium sulfate (12 g) and were then filtered and 
concentrated by rotary evaporation (10 mm Hg, 30 ºC). The crude material was purified by silica 
gel column chromatography (3.0 cm column, 35 g silica gel) eluting with hexanes/ethyl 
acetate/NH4OH, 8:1:0.2. The pure fractions were concentrated by rotary evaporation (10 mm Hg, 
30 ºC) and dried under high vacuum (0.1 mmHg). The product was further purified by Kugelrohr 
distillation (130°C, 0.1 mmHg) to afford 202 mg (91% yield, 0.91 mmol) of pure product as a 



























Data for 3.4xx: 
 1H NMR: (500 MHz, CDCl3) 
8.27 (d, J = 2.5 Hz, 1 H, HC(5)), 7.99 (dd, J = 8.3, 2.5 Hz, 1 H, HC(7)), 7.26 (d, J 
= 8.4 Hz, 1 H, HC(8)), 3.56 (s, 2 H, HC(3)), 2.53 (q, J = 7.1 Hz, 4 H, HC(2)), 
2.44 (s, 3 H, HC(10)), 1.04 (t, J = 7.1 Hz, 6 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
146.54 (s, C(6)), 145.06 (s, C(9)), 140.50 (s, C(4)), 130.89 (s, C(8)), 124.11 (s, 
C(5)), 121.73 (s, C(7)), 55.52 (s, C(3)), 47.23 (s, C(2)), 19.66 (s, C(10)), 12.00 (s, 
C(1)) 
 HRMS: calcd for C12H18N2O2+: 222.1368, found: 222.1369 
 
Preparation of 2-(1,3-Dioxolan-2-yl)-6-phenylpyridine (3.4yy) 
 
Following a modified version of General Procedure B, 2-bromo-6-(1,3-dioxolan-2-
yl)pyridine 3.2y (230.5 mg, 1.00 mmol, prepared from a previously reported procedure43) was 
combined with boronic ester 3.2y (285.3 mg, 1.50 mmol, 1.5 equiv) and Pd(PPh3)4 (57.7 mg, 0.05 
mmol, 0.05 equiv) in a 15-mL, one-piece, round-bottomed flask and condenser. The reaction 
vessel was evacuated by high vacuum and then backfilled with argon. To the reaction vessel was 
added 3.4 mL of degassed THF. A 1 M TMSOK solution in THF (0.9 mL, 0.9 mmol, 0.9 equiv) 
was added at room temperature with stirring and the flask was placed into a pre-warmed 60 °C oil 
bath. After 1.25 h, a second portion of 1 M TMSOK solution in THF (0.5 mL, 0.5 mmol, 0.5 equiv) 
was added. The total reaction time was 5 h. The reaction was cooled to room temperature and 
diluted with 3 mL of water. The biphasic mixture was extracted three times with ethyl acetate (3 
x 20 mL). The combined organic layers were dried over sodium sulfate (12 g) and were then 
filtered and concentrated by rotary evaporation (10 mm Hg, 30 ºC). The crude material was 
purified by silica gel column chromatography (3.0 cm column, 75 g silica gel) eluting with 
hexanes/ethyl acetate, 7:1. The pure fractions were concentrated by rotary evaporation (10 mm Hg, 


























distillation (170°C, 0.1 mmHg) to afford 209 mg (92% yield, 0.92 mmol) of pure product as a 
colorless oil. Spectroscopic data was in agreement with literature values.44 
Data for 3.4yy: 
 1H NMR: (500 MHz, CDCl3) 
8.03 (d, J = 8.3 Hz, 2 H, HC(9)), 7.80 (t, J = 7.8 Hz, 1 H, HC(5)), 7.73 (d, J = 7.9 
Hz, 1 H, HC(6)), 7.45 (m, 4 H, HC(4,10,11)), 5.95 (s, 1 H, HC(2)), 4.17 (m, 4 H, 
HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
157.23 (s, C(3 or 7)), 157.17 (s, C(3 or 7)), 139.16 (s, C(8)), 137.70 (s, C(5)), 
129.18 (s, C(10)), 128.83 (s, C(11)), 127.26 (s, C(9)), 120.91 (s, C(6)), 118.97 (s, 
C(4)), 104.22 (s, C(2)), 65.80 (s, 2 C(1)) 
 HRMS: calcd for C14H13NO2+: 227.0946, found: 227.0955 
 
Preparation of 3-Cyclopropyl-N-methoxy-N-methyl-5-nitrobenzamide (3.4zz) 
 
 
In a glovebox, a 10-mL, one-piece, round-bottomed flask and condenser containing a 1.0-
cm x 0.5-cm football-shaped stir-bar was charged with tricyclohexylphosphine (84.0 mg, 0.30 
mmol, 0.30 equiv), palladium acetate (33.7 mg, 0.15 mmol, 0.15 equiv), and TMSOK (231 mg, 
1.80 mmol, 1.80 equiv). The apparatus was sealed with a rubber septum, and removed from the 
glovebox. 
Into an oven-dried, 1-dram, glass vial was placed 2-cyclopropyl-5,5-dimethyl-1,3,2-
dioxaborinane (5z) (308 mg, 2.00 mmol, 2.00 equiv) and 3-bromo-N-methoxy-N-methyl-5-
nitrobenzamide45 (3.2z) (289 mg, 1.00 mmol). 2.0 mL of dry, degassed 1,4-dioxane was added to 
the vial by syringe, and the contents were mixed then withdrawn and added to the reaction vessel 
by syringe. The vial was washed again in this manner with 2.0 mL of 1,4-dioxane, which was 
transferred to the reaction vessel by syringe, then 1.0 mL of 1,4-dioxane, which was transferred to 
THF (0.20 M), 100 ºC, 3 h
P(c-Hex)3 (30 mol%)




























the reaction vessel by syringe. 
The reaction vessel was lowered into an oil bath which had been pre-heated to 110 ºC, and 
was stirred at reflux under nitrogen for 3 h, at which point complete consumption of starting 
material was observed by TLC (UV, hexane/ethyl acetate, 4:1).  The reaction mixture was cooled 
to room temperature, then diluted with 50 mL of ethyl acetate. The organic phase was washed with 
1 M NaOH (2 X 10 mL), and the combined, basic, aqueous layers were back extracted with ethyl 
acetate (2 X. 10 mL). The combined organic layers were dried over magnesium sulfate (6 g) and 
the resulting suspension was filtered through a medium-porosity glass-fritted funnel into a 250-
mL, round-bottomed flask, using 10 mL EtOAc to rinse the funnel. The organic phase was 
concentrated by rotary evaporation (75 mm Hg, 30 ºC).  
The crude material was purified by silica gel column chromatography (3.0 cm column, 60 
g silica gel) eluting with 700 mL hexanes/ethyl acetate, 4:1, followed by 400 mL hexanes/ethyl 
acetate 3:1. The pure fractions were combined and concentrated by rotary evaporation (75 mm Hg, 
30 ºC) to give 181 mg (0.72 mmol, 72%) of 3.4zz as a dark green oil. Spectroscopic data was in 
agreement with literature values.45 
Data for 3.4zz: 
 1H NMR: (500 MHz, CDCl3) 
8.31 (t, J = 1.8 Hz, 1 H, HC(5)), 7.98 (t, J = 2.0 Hz, 1 H, HC(7)), 7.71 (t, J = 1.6 
Hz, 1 H, HC(9)), 3.56 (s, 3 H, HC(1)), 3.38 (s, 3 H, HC(2)), 2.03 (tt, J = 8.4, 5.0 
Hz, 1 H, HC(10)), 1.17–1.10 (m, 2 H, HC(11)), 0.87–0.72 (m, 2 H, HC(11))  
 13C NMR: (126 MHz, CDCl3) 
167.69 (s, 1 C(3)), 148.03 (s, 1 C(6)), 146.76 (s, 1 C(8)), 135.36 (s, 1 C(4)), 
131.92 (s, 1 C(9)), 122.38 (s, 1 C(7)), 120.42 (s, 1 C(5)), 61.49 (s, 1 C(1)), 33.48 
(s, 1 C(2)), 15.57 (s, 1 C(10)), 10.29 (s, 2 C(11)) 




Synthesis of Bixafen Precursor. 
 
A. Neopentyl 3,4-dichlorophenylbornic ester (3.3aa) A 500-mL, single-necked, round-bottomed 
flask (24/40 joint) containing a 4-cm x 1-cm, rod-shaped, Teflon-coated, magnetic stir bar was 
charged with 3,4-dichlorophenylboronic acid (8.00 g, 41.93 mmol), followed by neopentyl 
glycol (4.80 g, 46.11 mmol, 1.10 equiv) (Note 2). A graduated cylinder was used to measure 200 
mL of benzene, which was then poured into the round-bottomed flask to give a cloudy, white 
suspension (Note 3). The flask was then fitted with a 24/40 Dean-Stark trap, and the trap was 
filled with benzene. The Dean-Stark trap was fitted with a 24/40 reflux condenser – the top of the 
reflux condenser was left open to air. With water running through the condenser, the flask was 
lowered into a silicone oil bath pre-heated to 110 ºC (Figure 1). The stirring solution was heated 
at reflux for 1.5 h, at which point no further water was observed to be condensing in the Dean-
Stark trap (Note 4) (Figure 2). The flask was removed from the oil bath, and was allowed to cool 
in the air until the internal temperature was 23 ºC, as measured by a thermocouple. The clear, 
pale yellow solution was poured into a 500-mL, separatory funnel (29/42 joint), and the organic 
layer was washed with deionized water (4 x 60 mL) (Note 5). The organic layer was transferred 
to a 250-mL, Erlenmeyer flask, and 16 g of anhydrous magnesium sulfate was added. After 
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Figure 6.1. Reaction in progress. Figure 6.2. Complete reaction. 
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magnesium sulfate was removed by gravity filtration using a 60-mL, medium-porosity, sintered-
glass fritted funnel, into a tared, 250-mL, round-bottomed flask (14/20 joint). The benzene was 
removed by rotary evaporation (30 ºC, 112-37 mm Hg) to give a flakey white solid. The product 
was dried under high vacuum (23 ºC, 0.3 mm Hg) for 20 h to yield neopentyl 3,4-
dichlorophenylboronic ester (10.31 g, 39.80 mmol, 95% yield) as an analytically pure, bench-
stable, white solid. (Notes 7, 8, 9) 
B. 3',4'-Dichloro-5-fluoro-[1,1'-biphenyl]-2-amine (3.4aaaa) An oven-dried, 250-mL, 3-necked, 
round-bottomed flask (14/20 joints) containing a 2.0-cm x 1.0-cm football-shaped, Teflon-
coated, magnetic stir bar was equipped with an oven-dried, pressure equalizing addition funnel, 
an oven-dried gas adapter, and a rubber septum. The 14/20 ground glass joint atop the addition 
funnel was equipped with a rubber septum, and the apparatus was evacuated and allowed to cool 
under vacuum (1.0 mm Hg) (Note 10) (Figure 3). Once the apparatus was cool, it was backfilled 
with argon, and the rubber septum was removed. Using a HDPE powder funnel, neopentyl 3,4-
dichlorophenylboronic ester 2 (6.21 g, 24.0 mmol, 1.20 equiv) and Pd-P(t-Bu3)-G3 (229 mg, 
0.40 mmol, 0.02 equiv) were charged into the reaction vessel (Note 11). The flask was sealed 
with a rubber septum, and evacuated (<1.0 mm Hg) and backfilled with argon three times. In a 
glovebox (Note 12), a 50-mL, pear-shaped flask (14/20 joint) was charged with TMSOK (3.59 g, 
28.0 mmol, 1.40 equiv) and sealed with a rubber septum (Note 13). The pear-shaped flask was 
removed from the glovebox and set aside. Using a 50-mL plastic syringe equipped with a metal 
needle, THF (10 mL) was added to the 3-neck flask. (Note 14). Next, 2-bromo-4-fluoroaniline 
(2.28 mL, 20.0 mmol) was added to the three-neck flask using a 2.5-mL, gastight Hamilton 
syringe (Note 15). A 50-mL plastic syringe with metal needle was used to add THF (30 mL) to 
the 50-mL pear-shaped flask containing TMSOK. The TMSOK was dissolved using minimal 
Figure 6.3: Reaction apparatus. Figure 6.4. Loaded reagents. 
 
 510 
sonication to afford a clear, colorless solution (Note 16). Once prepared, the TMSOK solution 
was transferred into the addition funnel using a plastic, 50-mL syringe equipped with a metal 
needle (Figure 4). A thermocouple probe was inserted into the reaction vessel through the 
septum to monitor internal temperature, and the TMSOK solution was added dropwise over 30 
minutes at 22 ºC (Note 17) (Figure 5). Upon initial addition of the TMSOK solution, a red-
orange color evolved and solids (KBr) began to precipitate from solution. Solids continued to 
precipitate over the course of the reaction, and the suspension became brown over time (Figure 
6). After 1.5 h (Note 18), the reaction mixture was transferred to a 500-mL separatory funnel 
(29/42 joint) using hexane (3 x 33 mL) to wash all material over (Note 19). The organic phase 
was extracted with 1 M aqueous ethanolamine (3x 50 mL), and then with brine (2x 50 mL) (Note 
20). The organic phase was then transfered into a 250-mL Erlenmeyer flask, and dried by adding 
30 g of magnesium sulfate and swirling by hand for 30 s. After 5 minutes, the magnesium sulfate 
was removed by vacuum filtration using a 55-mm Buchner funnel, 250-mL sidearm flask, and 
55-mm Whatman #50 filter paper. The resulting solution was concentrated by rotary evaporation 
(30 ºC, 400 à 40 mm Hg), to give 6.84 g of a black oil. This oil was transferred into a 250-mL, 
Erlenmeyer flask containing a 4.0-cm x 1.0-cm rod-shaped, Teflon-coated, magnetic stir bar 
using a pipette, with acetonitrile (2 x 25 mL) used to wash residual material over. (Note 21). A 
125-mL, Erlenmeyer flask was charged with tosylic acid monohydrate (3.80 g, 20.0 mmol, 1.00 
equiv) which was dissolved in acetonitrile (50 mL) with brief sonication (Note 22). Using a glass 
pipette, the acetonitrile solution of tosic acid was added to the stirring solution of crude product 
at 23 ºC dropwise over 20 minutes. A white solid precipitated, and the suspension was further 
aged with stirring at 23 ºC for 30 minutes (Figure 7). The solids were collected by vacuum 
Figure 6.5. Addition begins. Figure 6.6. Addition complete. 
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filtration using a 250-mL sidearm flask, a 55-mm Buchner funnel, and 55-mm, #50 Whatman 
filter paper. After washing with MeCN (30 mL), the solids were dried on the filter paper for by 
pulling air through the filter cake for 10 minutes (Figure 8), then the still wet solids were 
transferred using a metal spatula into a 125-mL, Erlenmeyer flask containing a 4.0-cm x 1.0-cm 
rod-shaped, Teflon-coated, magnetic stir bar. Toluene (50 mL) was added, and while stirring, the 
suspension was heated to reflux through direct contact with the hot plate over the course of 20 
minutes (Note 23). Once the toluene began to reflux, the Erlenmeyer flask was removed from 
heat, and allowed to cool for a period of 3 hours (Figure 9). At this point, the solids were 
collected by vacuum filtration using a 250-mL sidearm flask, a 55-mm Buchner funnel, and 55-
mm, #50 Whatman filter paper. The solids were washed with toluene (100 mL), and dried by 
pulling air through the filter cake for 30 minutes. The solids were then transferred using a metal 
spatula into a tarred, 100-mL, round-bottomed flask (24/40 joint) which was heated using a metal 
bead bath under high vacuum (60 ºC, 0.4 mm Hg) for 3 hours. The final product was obtained 





Figure 6.7. Precipitation. Figure 6.8. Filter cake. 
Figure 6.9. Trituration. Figure 6.10. Final product. 
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Analysis of Oakwood Potassium Trimethylsilanolate 
 To a flame-dried, 100-mL, round-bottomed flask was added potassium trimethylsilanolate 
(Oakwood Chemical, 1.28 g, 10.0 mmol) and the flask was fitted with a septum. The flask was 
evacuated and backfilled with argon three times, and dry THF (10 mL) was added. The flask was 
stirred by hand for 5 min to give a suspension of insoluble solids in THF. The flask was then 
equipped with a flame-dried, argon-purged, Schlenk filter fitted with a tared, 100-mL, round-
bottomed flask. The suspension was filtered, and the filtrate was concentrated under high vacuum 
(0.1 mm Hg). The apparatus was backfilled with argon and brought into a glovebox, where the 
insoluble solids were collected to give 328 mg of white solid. The round-bottomed flask containing 
the evaporated distillate was further dried under high vacuum for 24 h, then weighed to give 729 
mg (5.70 mmol, 57% recovery) of TMSOK. 
 
Analysis of Gelest Potassium Trimethylsilanolate 
 To an oven-dried, 25-mL, round-bottomed flask was added potassium trimethylsilanolate 
(Gelest, 1.28 g, 10.0 mmol) and the flask was fitted with a septum. The flask was evacuated and 
backfilled with nitrogen three times, and dry THF (10 mL) was added. The flask was stirred by 
hand for 5 min to give a clear solution in THF. The flask was then equipped with a flame-dried, 
nitrogen-purged, Schlenk filter fitted with a tared, 250-mL, round-bottomed flask. The suspension 
was filtered, and the filtrate was concentrated by rotavap (0.1 mm Hg). The round-bottomed flask 
containing the evaporated distillate was further dried under high vacuum for 24 h, then weighed 
to give 1.18 g (9.20 mmol, 92% recovery) of TMSOK. 
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Evaluation of Soluble Base Candidates 
Table 6.1. Evaluation of Phosphates as Soluble Bases. 
 
Phosphate Pd Source Ligand Homogeneity Yield of XX 
Potassium di-tert-butyl phosphate XPhos-Pd-G3 -- Heterogeneous 0% 
Sodium di-n-butyl phosphate XPhos-Pd-G3 -- Homogeneous 1% 
Conditions: 0.10 mmol 3.2b; 1.2 equiv 5a; 3.0 equiv phosphate; 0.02 equiv Pd Source; 0.5 equiv 
1,4-difluorobenzene as internal standard. Base added in one addition. Reaction run in glove under 
argon atmosphere. Yield of 3.4ab determined by 19F NMR against internal standard. 
 
Table 6.2: Evaluation of Alkoxides as Soluble Bases. 
 
Alkoxide Pd Source Ligand Homogeneity Yield of 10ab 
KO-tBu XPhos-Pd-G3 -- Heterogeneous 1% 
KO-tBu PCy3-Pd-G3 -- Heterogeneous 0% 
KO-tBu Pd(OAc)2 PCy3 Heterogeneous 16% 
NaO-Pentoxide XPhos-Pd-G3 -- Heterogeneous 4% 
Conditions: 0.10 mmol 3.2b; 1.2 equiv 3.2a; 3.0 equiv alkoxide; 0.02 equiv Pd Source/Ligand; 0.5 
equiv 1,4-difluorobenzene as internal standard. Base added in one addition. Reaction run in glove 
under argon atmosphere. Yield of 3.4ab determined by 19F NMR against internal standard. 
Heterogeneity likely the result of contamination of the base with metal hydroxides. 
 
Table 6.3: Evaluation of Tetrabutylammonium Fluoride Trihydrate as a Soluble Base. 
 
Base Pd Source Ligand Homogeneity Yield 18 
TBAF Pd(OAc)2 t-BuXPhos Homogeneous 1% 
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Table 6.3. (cont.) 
TBAF Pd(OAc)2 PPh3 Homogeneous 15% 
TBAF Pd(OAc)2 CataCXium A Homogeneous 3% 
TBAF Pd(OAc)2 PCy3 Homogeneous 46% 
Conditions: 0.10 mmol 3.2b; 1.2 equiv 3.2a; 3.0 equiv TBAF•3H2O; 0.02 equiv Pd Source/Ligand; 
0.5 equiv 1,4-difluorobenzene as internal standard. Base added in one addition. Reaction run in 
glove under argon atmosphere. Yield of 3.4ab determined by 19F NMR against internal standard. 
 
 
Table 6.4: Evaluation of Carboxylates as Soluble Bases. 
 
Base Pd Source Ligand Homogeneity Yield 18 
Potassium 2-
ethylhexanoate 
Pd-P(t-Bu)3-G3 -- Homogeneous 13% 
Tetrabutylammonium 
acetate 
Pd-P(t-Bu)3-G3 -- Homogeneous 2% 
Conditions: 0.25 mmol 3.2a; 1.2 equiv 3.2a; 1.4 equiv carboxylate; 0.02 equiv Pd Source; 2.0 
equiv 1,2-difluorobenzene as internal standard. Based added in one addition. Reaction run in 
round-bottomed flask under nitrogen atmosphere. Yield of 3.4aa determined by 19F NMR against 
internal standard. 
 
Tetraalkylammonium hydroxides were determined to be unsuitable as they decomposed boronic 
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General Experimental  
Reaction solvent tetrahydrofuran (Fisher, HPLC grade, not stabilized) was dried by percolation 
through two columns packed with neutral alumina under positive pressure of argon. Solvents for 
filtration, transfers, chromatography, and recrystallizations were purchased from commercial 
sources and used as received. All reactions were conducted under an atmosphere of dry nitrogen. 
1H, 13C, 19F, and 11B NMR spectra were recorded on a Varian 600 MHz (600 MHz, 1H; 564 
MHz, 19F; 193 MHz, 11B; 151 MHz, 13C; 243 Mhz, 31P) spectrometer. Spectra are referenced to 
residual chloroform (δ = 7.26 ppm, 1H; 77.16 ppm, 13C) and 19F resonances are referenced to 
1,2-difluorobenzene (δ = –140.0 ppm, 19F) in accordance with the referencing practices described 
by Togni, et al. Chemical shifts are reported in parts per million. Assignments were obtained by 
reference to HSQC and HMBC correlations. The following commercial reagents were used as 
received: 4-fluorophenylboronic acid (Oakwood Chemical), 4-bromofluorobenzene (Oakwood 
Chemical), potassium trimethylsilanolate (Gelest), neopentyl glycol (Alfa Aesar), bis(tri-tert-
butyl)palladium(0) (Strem). The following materials were prepared in accordance with literature 
procedures: neopentyl bis-3,5-trifluoromethylphenylboronic ester, neopentyl 4-
flurophenylboronic ester, [4-F-Ph]Pd[P(t-Bu)3]Br. 
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Experiment 7.1: Path A Reaction of Arylpalladium Bromide 4.2 and Boronate 4.1. 
 
In a glovebox, an oven-dried, 2-mL, volumetric flask received 42.8 mg (0.10 mmol) of 4-
fluorophenylpalladium(tri-tert-butylphosphine) bromide (4.2). To the volumetric flask containing 
4.2 was added 1 mL of THF, and the solids were dissolved by gentle swirling. 10 uL of 1,2-
difluorobenzene (0.10 mmol) was added using a 25-µL Hamilton syringe, and THF was added to 
the line to generate 2.0 mL of a THF solution containing arylpalladium bromide 4.2 (50 mM) and 
1,2-difluorobenzene (50 mM). The solution was transferred by pipette into a 20-mL scintillation 
vial. 
In a glovebox, an oven-dried, 2-mL, volumetric flask received 25.2 mg (0.20 mmol) of 
TMSOK, and the TMSOK was dissolved in 1 mL of THF by gentle swirling. The solution was 
diluted to the line with THF to generate 2.0 mL of a THF solution containing TMSOK (100 mM). 
The solution was transferred by pipette into a 20-mL scintillation vial and capped with a septum 
cap. 
 In a glovebox, an oven-dried, 2-mL, volumetric flask received 32.6 mg (0.1 mmol) of 3,5-
bistrifluoromethylphenyl boronic ester (4.1), and the boronic ester was dissolved in 1 mL of THF 
by gentle swirling. The solution was diluted to the line with THF to generate 2.0 mL of a THF 
solution containing boronic ester 4.10 (50 mM). The solution was transferred by pipette into a 20-
mL scintillation vial and capped with a septum cap. 
In a glovebox, 200 µL of arylpalladium bromide/1,2-difluorobenzene solution (50 mM in 
THF) was dispensed into an oven-dried, 5-mm, NMR tube using a 500 µL Hamilton syringe. The 
NMR tube was then capped using a rubber septum cap. This procedure was repeated eight 
additional times, to generate 9 NMR tubes each containing 200 µL of solution. 
Finally, in a glovebox, approximately 5 mL of dry, degassed THF was transferred into a 
20-mL scintillation vial, which was capped with a septum cap. 
All materials were removed from the glovebox, and the nine 5-mm NMR tubes were 
immediately placed into a –78 °C dry ice/acetone bath. A nitrogen purged, 20-mL, scintillation 
vial equipped with a septum cap was charged with 1.60 mL of a 50 mM THF solution of boronic 
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mL of a 100 mM THF solution of TMSOK (80 µmol) to generate 80 µmol of 8-B-4 complex 4.1 
in 2.40 mL of THF (33.33 mM).  
Next, a 600-MHz NMR magnet was cooled to –40 °C and the bore was placed under a 
nitrogen atmosphere. The software was set to record 70 FIDs of 4 transients each, with a 4 second 
relaxation delay, such that a spectrum was collected every 16 seconds. 
To a 5-mm NMR tube held in a –78 °C dry ice/acetone bath containing 200 uL of a THF 
solution of arylpalladium bromide 4.2 and 1,2-difluorobenzene was added 100 uL of THF using a 
250 uL Hamilton syringe equipped with a 10 inch needle, followed by 300 uL of a 33.33 mM THF 
solution of 8-B-4 4.1 added slowly over 10 seconds using a 500 uL Hamilton syringe equipped 
with a 10-inch needle. After waiting 10 seconds for the sample to cool to –78 °C the sample was 
mixed by holding on a vortexer for 5 seconds, cooling at –78 °C for 5 seconds, vortexing for 5 
seconds, cooling at –78 °C for 8 seconds, then vortexting for 8 seconds. The NMR tube was 
removed from the dry ice/acetone bath, wiped once with a kimwipe, placed in an NMR spinner, 
and lowered into the NMR magnet, at which time acquisition began. The time between removal 
of the NMR tube from the bath and acquisition beginning was 10 seconds. This process was 
repeated three times to obtain data in triplicate. 
 
 





















Table 7.1. Concentration data for Experiment 7.1 (Run 1). 
time (s) [mM] 8-B-4 [mM] CCP [mM] ArPdBr [mM] Complex 4.4 
4 20.46 0.53 16.05 0.10 
21.16 22.17 0.58 17.21 0.18 
38.32 22.33 0.91 16.58 0.70 
55.48 22.26 1.12 15.12 1.12 
72.64 21.57 1.44 14.04 1.56 
89.8 21.10 1.67 13.15 1.83 
106.96 21.14 2.10 12.25 2.22 
124.12 20.59 2.33 11.52 2.51 
141.28 20.18 2.56 11.14 2.86 
158.44 19.79 2.73 10.46 3.40 
175.6 19.71 3.01 9.34 3.79 
192.76 18.96 3.24 9.15 3.41 
209.92 19.00 3.61 8.25 3.96 
227.08 19.00 3.80 8.32 4.19 
244.24 18.44 3.91 7.72 4.43 
261.4 18.35 4.22 7.32 4.51 
278.56 18.13 4.40 7.13 4.74 
295.72 17.65 4.47 6.49 5.00 
312.88 17.65 4.74 6.19 5.25 
330.04 17.03 4.73 5.57 5.31 
347.2 17.61 5.07 5.77 5.47 
364.36 17.18 5.14 5.61 5.68 
381.52 17.20 5.31 5.63 5.84 
398.68 16.99 5.52 4.96 5.65 
415.84 16.97 5.66 5.29 6.12 
433 16.65 5.60 4.93 5.99 
450.16 16.76 5.87 4.56 6.26 
467.32 16.47 5.95 4.34 6.18 
484.48 16.29 5.90 4.51 6.44 
501.64 16.42 6.20 4.61 6.62 
518.8 16.14 6.19 4.46 6.48 
535.96 16.00 6.29 3.85 6.57 
553.12 16.21 6.46 3.90 6.99 
570.28 15.92 6.48 3.96 6.89 
587.44 15.81 6.50 3.67 6.80 
604.6 15.80 6.58 3.26 6.90 
621.76 15.73 6.78 3.38 7.31 
638.92 15.35 6.77 3.46 7.14 
656.08 15.73 6.97 3.28 7.23 
 523 
Table 7.1. (cont.) 
673.24 15.74 7.03 2.98 7.75 
690.399 15.37 7.15 2.87 7.21 
707.559 15.30 7.12 2.86 7.38 
724.719 15.27 7.21 2.76 7.57 
741.879 14.98 7.30 2.88 7.75 
759.039 15.09 7.40 2.78 7.76 
776.199 15.26 7.48 2.59 7.87 
793.359 14.74 7.45 2.31 7.58 
810.519 14.90 7.64 2.11 8.05 
827.679 14.73 7.66 1.86 7.70 
844.839 14.79 7.80 2.08 7.86 
861.999 14.71 7.82 2.21 8.10 
879.159 14.32 7.64 1.56 7.84 
896.319 14.67 8.02 1.89 8.06 
913.479 14.71 8.15 1.51 8.12 
930.639 14.27 8.03 1.63 8.11 
947.799 14.16 8.13 1.76 8.37 
964.959 14.12 8.10 1.96 8.16 
982.119 13.95 8.17 1.43 8.21 
999.279 13.91 8.25 1.57 8.04 
1016.44 13.75 8.31 1.37 8.39 
1033.6 13.65 8.29 1.13 8.50 
1050.76 13.74 8.34 1.12 8.25 
1067.92 13.76 8.57 1.06 8.35 
1085.08 13.29 8.44 0.82 8.29 
1102.24 13.83 8.85 0.70 8.76 
1119.4 13.76 8.83 0.74 8.55 
1136.56 13.38 8.63 1.06 8.48 
1153.72 12.97 8.57 0.57 8.36 
1170.88 13.43 8.87 0.68 8.55 
1188.04 13.56 9.06 0.40 8.96 
 

















4 231.52 0.41 32.44 0.21 67.36 
21.16 226.82 -0.08 30.04 0.32 58.19 
38.32 222.33 1.56 27.77 1.17 55.84 
55.48 218.06 2.13 24.52 1.82 54.07 
 524 
Table 7.2. (cont.) 
72.64 213.99 2.76 22.95 2.56 54.48 
89.8 210.11 3.23 21.47 2.99 54.41 
106.96 206.41 3.98 19.68 3.57 53.56 
124.12 202.88 4.27 18.49 4.02 53.49 
141.28 199.51 4.84 17.96 4.61 53.77 
158.44 196.30 4.86 16.74 5.44 53.34 
175.6 193.25 5.27 14.83 6.02 52.91 
192.76 190.33 6.28 14.96 5.58 54.51 
209.92 187.55 6.64 13.34 6.40 53.91 
227.08 184.90 7.13 13.23 6.66 52.98 
244.24 182.38 7.39 12.49 7.17 53.96 
261.4 179.97 8.35 11.77 7.25 53.63 
278.56 177.67 8.36 11.53 7.66 53.90 
295.72 175.48 8.48 10.64 8.19 54.62 
312.88 173.40 9.18 10.03 8.51 54.05 
330.04 171.41 9.29 9.29 8.87 55.61 
347.2 169.51 9.32 9.23 8.76 53.33 
364.36 167.70 9.71 9.12 9.22 54.14 
381.52 165.98 10.31 9.08 9.42 53.75 
398.68 164.33 9.79 8.05 9.17 54.09 
415.84 162.77 10.23 8.51 9.83 53.60 
433 161.27 10.47 7.96 9.67 53.83 
450.16 159.85 10.53 7.33 10.07 53.59 
467.32 158.49 11.01 7.06 10.04 54.20 
484.48 157.20 10.85 7.35 10.48 54.27 
501.64 155.96 11.84 7.39 10.62 53.48 
518.8 154.79 11.24 7.24 10.52 54.12 
535.96 153.66 11.80 6.30 10.75 54.56 
553.12 152.59 11.48 6.21 11.14 53.11 
570.28 151.57 12.07 6.38 11.10 53.72 
587.44 150.60 12.10 5.95 11.01 53.96 
604.6 149.68 12.52 5.26 11.13 53.75 
621.76 148.79 12.26 5.45 11.78 53.75 
638.92 147.95 12.63 5.67 11.70 54.61 
656.08 147.15 12.68 5.24 11.55 53.25 
673.24 146.38 12.49 4.71 12.24 52.63 
690.399 145.65 13.24 4.64 11.68 54.00 
707.559 144.96 13.25 4.62 11.94 53.92 
724.719 144.29 13.21 4.45 12.22 53.81 
741.879 143.66 13.49 4.71 12.68 54.53 
759.039 143.06 13.63 4.47 12.49 53.66 
 525 
Table 7.2. (cont.) 
776.199 142.48 13.23 4.10 12.45 52.74 
793.359 141.93 13.95 3.77 12.39 54.45 
810.519 141.41 14.30 3.38 12.90 53.41 
827.679 140.91 14.39 3.02 12.50 54.11 
844.839 140.44 14.55 3.33 12.59 53.34 
861.999 139.99 14.55 3.54 12.99 53.45 
879.159 139.55 14.34 2.57 12.88 54.81 
896.319 139.14 14.85 3.01 12.86 53.19 
913.479 138.75 14.58 2.38 12.82 52.62 
930.639 138.38 14.32 2.62 13.01 53.48 
947.799 138.02 15.11 2.85 13.55 53.99 
964.959 137.68 15.25 3.17 13.19 53.88 
982.119 137.36 14.88 2.34 13.40 54.40 
999.279 137.05 15.19 2.56 13.10 54.34 
1016.44 136.75 15.33 2.23 13.68 54.34 
1033.6 136.47 15.33 1.86 13.95 54.71 
1050.76 136.20 15.40 1.81 13.38 54.08 
1067.92 135.95 15.42 1.71 13.49 53.82 
1085.08 135.71 15.34 1.36 13.83 55.56 
1102.24 135.47 16.22 1.12 13.96 53.16 
1119.4 135.25 15.78 1.19 13.67 53.28 
1136.56 135.04 15.91 1.73 13.81 54.27 
1153.72 134.84 16.04 0.96 13.99 55.75 
1170.88 134.65 16.43 1.10 13.76 53.64 




Figure 7.2 Reaction progress vs. time for the combination of 4.1 with 4.2 at –40 ° C (Run 2). 
 
Table 7.3. Concentration data for experiment 7.1 (Run 2). 
time (s) [mM] 8-B-4 [mM] CCP [mM] ArPdBr [mM] Complex 4.4 
4 20.71 0.50 15.70 0.31 
21.16 21.92 0.56 15.68 0.49 
38.32 22.23 0.85 15.38 0.86 
55.48 22.07 1.15 14.68 1.41 
72.64 21.34 1.50 13.24 1.86 
89.8 21.00 1.83 12.46 2.20 
106.96 20.77 2.14 11.60 2.44 
124.12 20.48 2.47 11.30 2.89 
141.28 20.31 2.79 10.24 3.13 
158.44 19.87 3.09 9.65 3.33 
175.6 19.78 3.38 9.45 3.70 
192.76 19.13 3.57 8.65 3.82 
209.92 18.94 3.83 8.30 4.14 
227.08 18.61 4.03 7.69 4.69 
244.24 18.35 4.29 7.30 4.57 
261.4 18.28 4.51 6.94 4.77 
278.56 17.98 4.69 6.71 5.12 
295.72 17.72 4.89 6.26 5.22 
312.88 17.56 5.08 5.77 5.64 




















Table 7.3. (cont.) 
347.2 17.32 5.50 5.40 6.03 
364.36 17.20 5.62 4.94 6.07 
381.52 16.84 5.66 4.82 6.18 
398.68 16.72 5.86 4.55 6.36 
415.84 17.05 6.16 4.46 6.57 
433 16.73 6.22 4.14 6.74 
450.16 16.56 6.33 4.13 6.63 
467.32 16.35 6.33 3.85 6.82 
484.48 16.16 6.42 3.69 6.91 
501.64 16.27 6.61 3.51 6.89 
518.8 15.79 6.54 3.16 7.04 
535.96 15.76 6.72 3.15 7.33 
553.12 15.88 6.91 2.93 7.38 
570.28 15.61 6.91 2.90 7.45 
587.44 15.40 6.93 2.87 7.47 
604.6 15.39 7.07 2.57 7.70 
621.76 15.49 7.22 2.68 7.73 
638.92 15.23 7.25 2.49 7.83 
656.08 15.15 7.40 2.28 7.88 
673.24 15.12 7.42 2.07 8.03 
690.399 14.87 7.46 2.03 7.98 
707.559 14.81 7.50 1.89 8.04 
724.719 14.94 7.67 2.05 8.06 
741.879 14.89 7.74 2.04 8.13 
759.039 14.84 7.85 1.80 8.29 
776.199 14.42 7.74 1.70 8.28 
793.359 14.67 7.99 1.76 8.35 
810.519 14.73 8.13 1.45 8.73 
827.679 14.54 8.16 1.39 8.66 
844.839 14.38 8.11 1.10 8.74 
861.999 14.34 8.24 0.91 8.76 
879.159 14.18 8.24 0.99 8.75 
896.319 14.17 8.44 0.50 8.87 
913.479 14.07 8.42 0.58 8.95 
930.639 14.12 8.52 0.75 9.05 
947.799 14.09 8.65 0.83 9.15 
964.959 14.19 8.80 1.00 9.30 
982.119 13.85 8.60 0.44 9.15 
999.279 13.92 8.84 0.53 9.14 
1016.44 13.86 8.84 0.61 9.24 
1033.6 13.40 8.61 0.46 9.06 
 528 
Table 7.3. (cont.) 
1050.76 13.55 8.86 0.24 9.31 
1067.92 13.48 8.87 0.31 9.68 
1085.08 13.68 9.09 0.33 9.45 
1102.24 13.36 8.95 0.26 9.55 
1119.4 13.52 9.14 0.19 9.65 
1136.56 13.46 9.16 0.17 9.60 
1153.72 13.45 9.34 0.18 9.77 
1170.88 13.27 9.23 0.19 9.69 
1188.04 13.02 9.18 0.41 9.75 
 

















4 247.22 6.02 31.24 0.62 66.33 
21.16 229.19 5.88 27.32 0.86 58.09 
38.32 220.62 8.39 25.44 1.42 55.14 
55.48 214.65 11.22 23.79 2.28 54.03 
72.64 208.98 14.67 21.60 3.04 54.39 
89.8 204.64 17.88 20.23 3.58 54.14 
106.96 200.49 20.67 18.67 3.93 53.64 
124.12 197.63 23.88 18.17 4.65 53.62 
141.28 194.36 26.73 16.33 5.00 53.15 
158.44 191.34 29.71 15.48 5.34 53.49 
175.6 188.55 32.26 15.01 5.88 52.95 
192.76 184.97 34.50 13.95 6.15 53.72 
209.92 182.40 36.87 13.32 6.64 53.51 
227.08 180.11 39.02 12.40 7.57 53.76 
244.24 178.00 41.65 11.80 7.39 53.90 
261.4 175.44 43.30 11.10 7.63 53.33 
278.56 173.14 45.12 10.78 8.21 53.50 
295.72 171.95 47.50 10.12 8.45 53.91 
312.88 169.22 48.97 9.27 9.07 53.54 
330.04 168.08 50.80 8.93 9.29 54.46 
347.2 165.70 52.61 8.61 9.62 53.16 
364.36 164.76 53.79 7.88 9.69 53.20 
381.52 162.90 54.78 7.77 9.97 53.75 
398.68 161.45 56.59 7.33 10.23 53.64 
415.84 160.80 58.06 7.01 10.33 52.38 
433 159.06 59.12 6.56 10.68 52.82 
 529 
Table 7.4. (cont.) 
450.16 158.13 60.49 6.58 10.56 53.06 
467.32 157.05 60.83 6.16 10.91 53.35 
484.48 155.74 61.88 5.93 11.10 53.55 
501.64 154.63 62.82 5.57 10.91 52.80 
518.8 153.66 63.69 5.13 11.43 54.08 
535.96 151.67 64.64 5.05 11.76 53.47 
553.12 152.12 66.21 4.67 11.78 53.21 
570.28 151.09 66.86 4.69 12.02 53.76 
587.44 149.65 67.35 4.64 12.11 53.99 
604.6 149.09 68.50 4.15 12.43 53.83 
621.76 147.94 68.99 4.27 12.30 53.06 
638.92 147.24 70.05 4.01 12.61 53.70 
656.08 146.01 71.35 3.66 12.66 53.55 
673.24 145.59 71.41 3.32 12.88 53.48 
690.399 144.92 72.73 3.30 12.97 54.14 
707.559 144.23 73.00 3.07 13.04 54.09 
724.719 143.31 73.57 3.28 12.90 53.30 
741.879 142.89 74.29 3.26 13.01 53.32 
759.039 142.09 75.18 2.87 13.22 53.18 
776.199 141.03 75.72 2.77 13.49 54.32 
793.359 140.30 76.37 2.81 13.31 53.12 
810.519 139.88 77.22 2.30 13.81 52.77 
827.679 139.15 78.15 2.22 13.81 53.18 
844.839 138.35 77.99 1.77 14.01 53.44 
861.999 138.13 79.38 1.46 14.07 53.50 
879.159 136.99 79.54 1.60 14.09 53.66 
896.319 136.31 81.20 0.80 14.22 53.46 
913.479 135.30 81.00 0.93 14.35 53.42 
930.639 135.21 81.62 1.20 14.44 53.19 
947.799 134.41 82.53 1.32 14.55 53.01 
964.959 133.64 82.85 1.58 14.60 52.30 
982.119 133.33 82.76 0.70 14.68 53.48 
999.279 132.54 84.23 0.85 14.51 52.91 
1016.44 131.77 84.07 0.97 14.65 52.83 
1033.6 130.79 84.02 0.75 14.74 54.21 
1050.76 130.70 85.41 0.38 14.96 53.57 
1067.92 129.82 85.42 0.50 15.54 53.52 
1085.08 130.42 86.68 0.53 15.03 52.98 
1102.24 129.51 86.72 0.42 15.43 53.86 
1119.4 128.63 86.96 0.31 15.30 52.86 
1136.56 128.45 87.39 0.26 15.26 53.01 
 530 
Table 7.4. (cont.) 
1153.72 127.67 88.69 0.29 15.45 52.73 
1170.88 126.93 88.32 0.30 15.44 53.15 
1188.04 127.08 89.61 0.67 15.86 54.24 
 
 
Figure 7.3. Reaction progress vs. time for the combination of 4.1 with 4.2 at –40 ° C (Run 3). 
 
Table 7.5. Concentration data for experiment 7.1 (Run 3). 
time (s) [mM] 8-B-4 [mM] CCP [mM] ArPdBr [mM] Complex 4.4 
4 20.21 0.36 15.99 0.49 
21.16 21.11 0.51 15.74 0.69 
38.32 21.29 0.66 14.83 0.95 
55.48 21.56 1.04 13.83 1.39 
72.64 21.27 1.46 12.83 1.75 
89.8 20.84 1.86 11.88 2.39 
106.96 20.20 2.19 11.01 2.65 
124.12 20.51 2.55 10.76 3.11 
141.28 20.05 2.86 10.35 3.52 
158.44 19.45 3.06 9.34 3.55 
175.6 19.37 3.41 8.65 3.68 
192.76 19.05 3.71 8.42 4.20 
209.92 18.97 4.02 7.83 4.50 
227.08 18.37 4.13 7.59 4.75 




















Table 7.5. (cont.) 
261.4 18.16 4.73 6.41 5.00 
278.56 18.06 4.91 6.09 5.62 
295.72 17.74 5.09 5.62 5.62 
312.88 17.59 5.29 5.20 5.85 
330.04 17.41 5.50 4.93 6.03 
347.2 16.92 5.54 4.77 5.96 
364.36 17.11 5.76 4.45 6.25 
381.52 17.03 5.99 4.16 6.57 
398.68 16.83 6.12 4.14 6.70 
415.84 16.36 6.00 3.91 6.70 
433 16.32 6.30 3.49 6.79 
450.16 16.44 6.45 3.27 6.94 
467.32 16.08 6.45 3.12 6.87 
484.48 15.95 6.52 2.95 7.27 
501.64 15.89 6.65 3.00 7.34 
518.8 15.86 6.82 2.86 7.60 
535.96 15.84 6.99 2.76 7.49 
553.12 15.92 7.12 2.48 7.72 
570.28 15.50 7.12 2.56 7.84 
587.44 15.68 7.28 2.28 7.96 
604.6 15.53 7.31 2.15 7.97 
621.76 15.38 7.37 1.95 7.83 
638.92 15.35 7.57 1.73 8.28 
656.08 15.25 7.56 1.79 8.27 
673.24 15.39 7.73 1.25 8.37 
690.399 15.06 7.77 1.43 8.34 
707.559 15.00 7.74 1.68 8.38 
724.719 14.85 7.88 1.24 8.37 
741.879 14.70 7.91 1.29 8.40 
759.039 14.98 8.10 0.93 8.62 
776.199 14.70 8.17 0.81 8.67 
793.359 14.87 8.33 0.94 8.95 
810.519 14.64 8.35 0.83 8.97 
827.679 14.48 8.34 0.89 9.13 
844.839 14.31 8.42 0.73 8.91 
861.999 14.31 8.46 0.51 9.02 
879.159 14.13 8.49 0.38 9.14 
896.319 14.14 8.59 0.49 9.26 
913.479 14.05 8.62 0.29 9.13 
930.639 13.89 8.62 0.44 9.27 
947.799 14.01 8.71 0.41 9.19 
 532 
Table 7.5. (cont.) 
964.959 13.80 8.83 0.39 9.48 
982.119 13.93 8.93 0.26 9.59 
999.279 13.89 8.97 0.23 9.32 
1016.44 13.79 8.95 0.39 9.74 
1033.6 13.76 9.07 0.20 9.56 
1050.76 13.37 9.04 0.22 9.58 
1067.92 13.44 9.07 0.01 9.51 
1085.08 13.50 9.09 0.30 9.75 
1102.24 13.47 9.36 0.05 9.67 
1119.4 13.61 9.39 0.05 10.06 
1136.56 13.14 9.24 -0.01 9.69 
1153.72 13.19 9.26 -0.14 9.83 
1170.88 13.42 9.48 -0.13 10.07 
1188.04 13.44 9.57 0.06 9.83 
 

















4 242.21 4.30 31.95 0.97 0.97 
21.16 224.35 5.37 27.88 1.22 1.22 
38.32 213.59 6.65 24.79 1.60 1.60 
55.48 208.07 10.04 22.25 2.24 2.24 
72.64 203.08 13.95 20.42 2.79 2.79 
89.8 199.14 17.73 18.92 3.81 3.81 
106.96 195.18 21.15 17.74 4.27 4.27 
124.12 191.90 23.87 16.79 4.85 4.85 
141.28 188.33 26.87 16.21 5.52 5.52 
158.44 185.35 29.16 14.83 5.63 5.63 
175.6 182.96 32.21 13.62 5.79 5.79 
192.76 180.48 35.13 13.30 6.64 6.64 
209.92 177.49 37.60 12.22 7.02 7.02 
227.08 174.07 39.12 11.99 7.51 7.51 
244.24 173.00 41.73 10.83 7.78 7.78 
261.4 169.92 44.30 10.00 7.80 7.80 
278.56 168.99 45.91 9.49 8.76 8.76 
295.72 165.87 47.59 8.76 8.76 8.76 
312.88 164.50 49.44 8.11 9.12 9.12 
330.04 162.45 51.31 7.67 9.37 9.37 
347.2 161.06 52.74 7.56 9.46 9.46 
 533 
Table 7.6. (cont.) 
364.36 159.66 53.72 6.92 9.72 9.72 
381.52 158.18 55.66 6.44 10.16 10.16 
398.68 157.78 57.40 6.47 10.47 10.47 
415.84 156.14 57.29 6.22 10.66 10.66 
433 155.05 59.84 5.53 10.75 10.75 
450.16 154.02 60.42 5.10 10.84 10.84 
467.32 152.33 61.14 4.92 10.84 10.84 
484.48 151.24 61.86 4.66 11.49 11.49 
501.64 150.18 62.85 4.73 11.56 11.56 
518.8 149.97 64.46 4.50 11.97 11.97 
535.96 149.16 65.82 4.32 11.76 11.76 
553.12 147.46 65.94 3.83 11.92 11.92 
570.28 146.83 67.42 4.04 12.38 12.38 
587.44 145.83 67.74 3.53 12.34 12.34 
604.6 144.29 67.87 3.34 12.35 12.35 
621.76 144.21 69.12 3.05 12.24 12.24 
638.92 143.27 70.62 2.69 12.87 12.87 
656.08 142.69 70.69 2.80 12.90 12.90 
673.24 142.02 71.32 1.93 12.88 12.88 
690.399 140.94 72.76 2.23 13.01 13.01 
707.559 139.87 72.13 2.62 13.03 13.03 
724.719 139.70 74.16 1.94 13.13 13.13 
741.879 139.53 75.10 2.05 13.28 13.28 
759.039 137.95 74.62 1.43 13.23 13.23 
776.199 137.68 76.53 1.26 13.53 13.53 
793.359 137.84 77.15 1.46 13.82 13.82 
810.519 135.84 77.53 1.29 13.88 13.88 
827.679 134.91 77.68 1.38 14.18 14.18 
844.839 135.08 79.41 1.14 14.01 14.01 
861.999 133.95 79.20 0.79 14.07 14.07 
879.159 133.17 80.05 0.60 14.36 14.36 
896.319 131.97 80.13 0.77 14.41 14.41 
913.479 132.54 81.30 0.46 14.35 14.35 
930.639 130.70 81.14 0.68 14.54 14.54 
947.799 130.54 81.23 0.64 14.28 14.28 
964.959 129.45 82.87 0.61 14.83 14.83 
982.119 129.56 83.04 0.41 14.86 14.86 
999.279 129.08 83.33 0.36 14.43 14.43 
1016.44 128.62 83.48 0.60 15.15 15.15 
1033.6 127.80 84.17 0.31 14.79 14.79 
1050.76 126.86 85.75 0.35 15.14 15.14 
 534 
Table 7.6. (cont.) 
1067.92 126.84 85.64 0.01 14.96 14.96 
1085.08 126.52 85.20 0.47 15.23 15.23 
1102.24 125.35 87.12 0.08 15.00 15.00 
1119.4 125.32 86.46 0.07 15.44 15.44 
1136.56 125.37 88.15 -0.01 15.40 15.40 
1153.72 125.11 87.87 -0.22 15.54 15.54 
1170.88 124.77 88.15 -0.20 15.61 15.61 
1188.04 123.67 88.04 0.10 15.07 15.07 
 
Experiment 7.2: Reaction of Boronate 4.1 with Complex 4.4. 
 
The reagent solutions used in this experiment were the same solutions used to conduct 
experiment 7.1.  
A 600-MHz NMR magnet was cooled to –10 °C and the bore was placed under a nitrogen 
atmosphere. The software was set to record 32 FIDs of 1 transient each, with a 4 second relaxation 
delay, such that a spectrum was collected every 4 seconds, followed  by 72 FIDs of 4 transients 
each, with a 4 second relaxation delay, such that a spectrum was collected every 16 seconds. 
To a 5-mm NMR tube held in a –78 °C dry ice/acetone bath containing 200 uL of a THF 
solution of arylpalladium bromide 4.2 and 1,2-difluorobenzene was added 100 uL of THF using a 
250 uL Hamilton syringe equipped with a 10 inch needle, followed by 300 uL of a 33.33 mM THF 
solution of 8-B-4 4.1 added slowly over 10 seconds using a 500 uL Hamilton syringe equipped 
with a 10-inch needle. After waiting 10 seconds for the sample to cool to –78 °C the sample was 
mixed by holding on a vortexer for 5 seconds, cooling at –78 °C for 5 seconds, vortexing for 5 
seconds, cooling at –78 °C for 8 seconds, then vortexting for 8 seconds. The NMR tube was 
removed from the dry ice/acetone bath, wiped once with a kimwipe, placed in an NMR spinner, 
and lowered into the NMR magnet (–10 °C), at which time acquisition began. The time between 
removal of the NMR tube from the bath and acquisition beginning was 10 seconds. This process 









































Figure 7.4. Reaction progress vs. time for the combination of 4.1 with 4.4 at –10 ° C (Run 1). 
 
Table 7.7. Concentration data for experiment 7.2 (Run 1). 
time (s) [mM] 8-B-4 [mM] CCP [mM] ArPdBr [mM] Complex 4.4 
4.50 21.77 0.27 15.16 0.11 
8.79 20.25 0.33 14.79 0.34 
13.08 21.34 0.54 13.71 0.22 
17.37 22.64 0.99 14.27 0.87 
21.66 22.32 1.62 12.54 1.72 
25.95 22.03 2.25 12.54 2.60 
30.24 21.55 3.08 10.17 4.05 
34.53 21.36 3.97 8.77 4.74 
38.82 20.73 4.80 6.40 5.25 
43.11 20.54 5.83 5.62 6.37 
47.40 19.24 6.53 4.62 7.38 
51.69 18.41 6.94 3.04 7.89 
55.98 18.76 7.99 2.64 8.37 
60.27 17.92 8.16 1.34 8.82 
64.56 17.68 8.71 1.56 9.39 
68.85 18.01 9.22 1.12 9.81 
73.14 16.57 8.98 0.68 9.93 
77.43 17.01 9.63 -0.07 10.38 
81.72 16.88 9.88 0.13 10.62 




















Table 7.7. (cont.) 
90.30 16.05 10.13 -0.20 10.92 
94.59 16.23 10.51 -0.28 11.01 
98.88 16.18 10.95 -0.48 11.90 
103.17 15.70 10.85 -0.12 11.57 
107.46 15.67 10.76 -0.44 11.14 
111.75 15.40 10.90 0.00 11.54 
116.04 15.63 11.16 -0.12 11.52 
120.33 15.03 10.88 -0.09 10.67 
124.62 15.08 10.96 -0.67 11.34 
128.91 14.95 11.05 -0.54 11.14 
133.20 14.89 11.13 -0.42 10.68 
137.49 14.68 11.09 -0.45 10.37 
141.78 14.31 11.01 -0.45 10.47 
158.94 15.01 11.73 -0.44 10.77 
176.10 14.79 11.94 -0.44 9.74 
193.26 13.78 11.36 -0.64 9.28 
210.42 14.20 12.01 -0.67 9.00 
227.58 13.64 11.82 -0.55 8.67 
244.74 13.83 12.23 -0.40 8.15 
261.90 13.38 12.17 -0.27 7.41 
279.06 13.76 12.65 -0.05 7.35 
296.22 13.96 13.17 -0.62 7.23 
313.38 13.04 12.41 -0.28 6.84 
330.54 13.21 12.87 -0.48 6.61 
347.70 13.06 12.99 -0.52 6.63 
364.86 12.66 12.82 -0.34 5.60 
382.02 12.85 13.22 -0.42 5.96 
399.18 12.62 13.10 -0.16 5.41 
416.34 12.55 13.28 -0.35 5.58 
433.50 12.34 13.30 -0.38 4.60 
450.66 12.13 13.30 -0.53 4.98 
467.82 12.49 13.80 -0.55 4.76 
484.98 11.80 13.24 -0.33 4.20 
502.14 12.25 13.95 -0.61 4.33 
519.30 12.09 13.85 -0.34 4.24 
536.46 12.09 14.10 -0.58 4.07 
553.62 11.87 13.90 -0.48 3.61 
570.78 11.70 13.94 -0.51 3.71 
587.94 11.65 14.10 -0.44 3.76 
605.10 11.55 14.10 -0.66 3.29 
622.26 11.55 14.31 -0.35 3.05 
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Table 7.7. (cont.) 
639.42 11.31 14.13 -0.65 3.19 
656.58 11.63 14.76 -0.69 3.06 
673.74 11.18 14.30 -0.51 2.89 
690.90 11.27 14.47 -0.39 2.63 
708.06 11.30 14.74 -0.56 2.46 
725.22 11.37 14.89 -0.50 2.53 
742.38 11.30 15.06 -0.39 2.58 
759.54 10.99 14.74 -0.55 2.55 
776.70 10.98 14.87 -0.56 2.30 
793.86 11.29 15.37 -0.39 2.21 
811.02 10.91 15.17 -0.19 2.07 
828.18 10.83 15.14 -0.46 2.46 
845.34 10.96 15.40 -0.53 2.22 
862.50 10.89 15.30 -0.45 2.09 
879.66 10.95 15.57 -0.51 1.59 
896.82 10.62 15.35 -0.39 1.76 
913.98 10.50 15.35 -0.52 1.61 
931.14 10.72 15.73 -0.27 1.74 
948.30 10.44 15.47 -0.29 1.65 
965.46 10.19 15.29 -0.62 1.65 
982.62 10.27 15.42 -0.56 1.32 
999.78 10.31 15.68 -0.48 1.51 
1016.94 10.25 15.65 -0.24 1.33 
1034.10 10.38 15.95 -0.43 1.43 
1051.26 10.36 16.07 -0.57 1.35 
1068.42 10.09 15.78 -0.62 1.35 
1085.58 10.03 15.77 -0.19 1.36 
1102.74 10.21 16.15 -0.53 1.01 
1119.90 10.08 15.97 -0.45 1.16 
1137.06 10.04 16.26 -0.54 1.13 
1154.22 9.92 16.17 -0.24 0.88 
1171.38 9.89 16.15 -0.43 1.14 
1188.54 9.78 15.99 -0.35 1.07 
1205.70 9.58 16.00 -0.45 0.78 
1222.86 9.64 16.21 -0.51 0.84 
1240.02 9.81 16.43 -0.64 1.01 
1257.18 9.65 16.30 -0.57 0.73 
1274.34 9.59 16.11 0.00 0.60 
1291.50 9.42 16.32 -0.53 0.53 
1308.66 9.40 16.43 -0.60 0.80 
1325.82 9.70 16.85 -0.64 0.43 
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4.50 67.15 0.82 7.80 0.06 17.14 
8.79 63.25 1.04 7.70 0.18 17.35 
13.08 59.51 1.51 6.37 0.10 15.49 
17.37 56.87 2.48 5.97 0.36 13.95 
21.66 53.63 3.89 5.02 0.69 13.35 
25.95 50.61 5.17 4.80 1.00 12.76 
30.24 47.84 6.83 3.76 1.50 12.33 
34.53 45.20 8.41 3.09 1.67 11.76 
38.82 42.98 9.96 2.21 1.81 11.52 
43.11 40.95 11.61 1.87 2.12 11.08 
47.40 39.09 13.27 1.57 2.50 11.29 
51.69 37.37 14.09 1.03 2.67 11.28 
55.98 36.08 15.36 0.85 2.68 10.68 
60.27 35.13 16.00 0.44 2.88 10.89 
64.56 34.53 17.00 0.51 3.06 10.85 
68.85 33.81 17.30 0.35 3.07 10.43 
73.14 33.18 17.99 0.23 3.31 11.12 
77.43 32.86 18.61 -0.02 3.34 10.73 
81.72 32.25 18.89 0.04 3.38 10.62 
86.01 31.87 19.48 -0.18 3.37 10.45 
90.30 30.75 19.41 -0.06 3.49 10.64 
94.59 30.95 20.05 -0.09 3.50 10.60 
98.88 30.55 20.69 -0.15 3.74 10.49 
103.17 29.69 20.52 -0.04 3.65 10.51 
107.46 30.12 20.70 -0.14 3.57 10.68 
111.75 29.43 20.84 0.00 3.68 10.62 
116.04 29.37 20.96 -0.04 3.61 10.44 
120.33 29.48 21.35 -0.03 3.49 10.90 
124.62 29.27 21.27 -0.22 3.67 10.78 
128.91 29.21 21.59 -0.18 3.63 10.85 
133.20 28.85 21.57 -0.14 3.45 10.77 
137.49 28.45 21.49 -0.15 3.35 10.77 
141.78 114.12 87.81 -0.59 13.92 44.30 
158.94 112.65 88.03 -0.55 13.47 41.68 
176.10 112.45 90.82 -0.56 12.34 42.25 
193.26 109.81 90.53 -0.85 12.32 44.28 
210.42 108.81 92.02 -0.85 11.49 42.57 
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Table 7.8. (cont.) 
227.58 108.32 93.88 -0.73 11.48 44.13 
244.74 106.57 94.24 -0.52 10.47 42.80 
261.90 106.01 96.37 -0.35 9.79 44.01 
279.06 105.30 96.79 -0.06 9.37 42.51 
296.22 103.69 97.82 -0.76 8.96 41.26 
313.38 103.82 98.86 -0.37 9.07 44.24 
330.54 102.26 99.71 -0.62 8.53 43.02 
347.70 100.56 100.05 -0.67 8.51 42.79 
364.86 99.83 101.12 -0.45 7.36 43.81 
382.02 98.68 101.49 -0.54 7.63 42.66 
399.18 98.76 102.49 -0.21 7.05 43.47 
416.34 97.60 103.29 -0.45 7.23 43.22 
433.50 96.81 104.36 -0.50 6.01 43.59 
450.66 95.63 104.85 -0.69 6.55 43.79 
467.82 96.05 106.12 -0.71 6.10 42.71 
484.98 94.66 106.21 -0.44 5.61 44.57 
502.14 93.11 106.07 -0.78 5.49 42.23 
519.30 93.46 107.03 -0.44 5.46 42.95 
536.46 92.59 108.02 -0.74 5.20 42.56 
553.62 92.10 107.89 -0.63 4.67 43.11 
570.78 91.30 108.78 -0.66 4.83 43.36 
587.94 90.42 109.45 -0.57 4.87 43.14 
605.10 90.34 110.30 -0.86 4.29 43.46 
622.26 89.43 110.80 -0.45 3.94 43.02 
639.42 88.82 110.95 -0.85 4.17 43.63 
656.58 88.07 111.72 -0.87 3.86 42.06 
673.74 87.87 112.41 -0.67 3.79 43.68 
690.90 87.94 112.95 -0.51 3.43 43.36 
708.06 86.74 113.19 -0.71 3.15 42.66 
725.22 86.53 113.37 -0.64 3.21 42.29 
742.38 85.73 114.31 -0.50 3.26 42.16 
759.54 85.31 114.36 -0.71 3.30 43.12 
776.70 85.01 115.11 -0.72 2.97 42.99 
793.86 85.03 115.79 -0.49 2.78 41.84 
811.02 83.19 115.70 -0.24 2.63 42.38 
828.18 83.28 116.40 -0.59 3.15 42.71 
845.34 82.99 116.58 -0.67 2.80 42.07 
862.50 83.79 117.74 -0.58 2.69 42.74 
879.66 82.94 117.86 -0.64 2.01 42.06 
896.82 81.81 118.26 -0.50 2.26 42.79 
913.98 81.16 118.68 -0.67 2.08 42.96 
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Table 7.8. (cont.) 
931.14 81.30 119.25 -0.34 2.20 42.12 
948.30 80.27 118.89 -0.38 2.12 42.70 
965.46 79.91 119.86 -0.81 2.16 43.56 
982.62 80.15 120.30 -0.73 1.72 43.34 
999.78 79.00 120.21 -0.61 1.93 42.58 
1016.94 79.12 120.78 -0.31 1.71 42.87 
1034.10 79.37 121.92 -0.55 1.83 42.48 
1051.26 78.35 121.52 -0.71 1.70 42.00 
1068.42 78.14 122.17 -0.80 1.74 43.02 
1085.58 77.76 122.26 -0.24 1.76 43.07 
1102.74 77.68 122.86 -0.67 1.28 42.27 
1119.90 78.07 123.69 -0.58 1.50 43.03 
1137.06 76.15 123.37 -0.69 1.43 42.15 
1154.22 75.65 123.35 -0.31 1.12 42.38 
1171.38 76.15 124.29 -0.55 1.46 42.76 
1188.54 75.80 123.90 -0.46 1.38 43.05 
1205.70 74.71 124.76 -0.58 1.01 43.31 
1222.86 74.14 124.67 -0.65 1.07 42.72 
1240.02 74.66 125.09 -0.81 1.28 42.30 
1257.18 74.21 125.36 -0.73 0.93 42.72 
1274.34 75.27 126.46 0.00 0.79 43.61 
1291.50 72.85 126.23 -0.68 0.68 42.97 
1308.66 72.32 126.46 -0.77 1.02 42.75 




Figure 7.5. Reaction progress vs. time for the combination of 4.1 with 4.4 at –10 ° C (Run 2). 
Table 7.9. Concentration data for experiment 7.2 (Run 2). 
time (s) [mM] 8-B-4 [mM] CCP [mM] ArPdBr [mM] Complex 4.4 
4.50 19.84 0.06 15.39 0.64 
8.79 19.71 0.34 13.57 0.36 
13.08 19.61 0.57 12.17 0.64 
17.37 20.86 1.22 12.59 1.08 
21.66 21.26 1.70 12.06 2.30 
25.95 21.75 2.84 11.16 3.11 
30.24 20.31 3.49 8.17 3.44 
34.53 19.40 4.19 7.52 5.58 
38.82 19.81 5.56 5.90 5.78 
43.11 18.86 6.27 4.97 7.03 
47.40 18.30 7.16 4.06 7.46 
51.69 17.87 7.69 3.03 8.96 
55.98 16.66 7.93 2.11 8.69 
60.27 16.49 8.70 1.21 9.33 
64.56 16.59 8.91 1.11 9.30 
68.85 16.06 9.24 0.77 10.12 
73.14 15.70 9.31 0.59 10.22 
77.43 15.31 9.60 -0.44 10.22 
81.72 15.27 10.03 -0.16 10.26 




















Table 7.9. (cont.) 
90.30 14.72 10.33 0.09 11.48 
94.59 15.10 10.79 -0.46 11.79 
98.88 14.45 10.76 -0.01 11.09 
103.17 14.44 10.86 0.21 10.75 
107.46 14.08 10.69 -0.55 11.29 
111.75 14.22 10.92 -0.19 11.12 
116.04 14.23 10.97 0.17 10.76 
120.33 14.56 11.40 -0.23 11.32 
124.62 14.29 11.29 -0.05 11.72 
128.91 14.13 11.39 -0.39 10.85 
133.20 14.32 11.57 -0.33 11.06 
137.49 14.09 11.46 -0.23 11.09 
141.78 13.82 11.51 -0.58 10.94 
158.94 14.35 12.24 -0.57 10.67 
176.10 13.27 11.81 -0.53 9.35 
193.26 13.23 11.95 -0.44 8.96 
210.42 13.20 12.11 -0.65 8.91 
227.58 12.80 12.09 -0.29 8.23 
244.74 12.29 11.90 -0.49 7.81 
261.90 12.67 12.47 -0.41 7.91 
279.06 12.89 12.95 -0.52 7.91 
296.22 12.50 12.86 -0.62 7.02 
313.38 12.01 12.57 -0.18 6.94 
330.54 12.38 13.16 -0.61 6.80 
347.70 12.74 13.67 -0.43 6.48 
364.86 11.81 12.99 0.06 6.05 
382.02 12.18 13.67 -0.44 5.97 
399.18 11.70 13.34 -0.40 5.11 
416.34 11.63 13.37 -0.29 5.37 
433.50 11.32 13.37 -0.37 4.91 
450.66 11.72 13.77 0.08 5.06 
467.82 11.19 13.32 -0.25 4.78 
484.98 11.24 13.73 -0.49 4.35 
502.14 11.23 13.89 -0.55 4.73 
519.30 10.90 13.63 -0.21 4.00 
536.46 11.19 14.26 -0.14 3.75 
553.62 10.73 13.84 -0.44 3.64 
570.78 10.83 14.07 -0.33 3.50 
587.94 10.55 13.81 -0.51 3.49 
605.10 10.66 14.05 -0.15 3.09 
622.26 10.31 13.90 -0.32 3.16 
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639.42 10.58 14.43 -0.60 3.27 
656.58 10.69 14.67 -0.18 3.65 
673.74 10.49 14.58 -0.28 2.81 
690.90 10.74 14.90 -0.76 2.96 
708.06 10.51 14.94 -0.39 2.45 
725.22 10.63 15.31 -0.57 2.64 
742.38 10.25 14.96 -0.45 2.68 
759.54 10.32 15.13 0.06 1.89 
776.70 9.99 14.76 -0.35 2.30 
793.86 10.08 15.01 -0.67 2.61 
811.02 9.98 14.95 -0.45 2.11 
828.18 9.53 14.62 -0.29 2.07 
845.34 9.85 15.12 -0.56 1.86 
862.50 9.79 15.25 -0.46 2.04 
879.66 9.80 15.30 -0.46 1.84 
896.82 9.60 15.35 -0.36 1.70 
913.98 9.87 15.57 -0.28 1.90 
931.14 9.33 15.17 -0.41 1.60 
948.30 9.49 15.51 -0.31 1.62 
965.46 10.00 16.11 -0.55 1.73 
982.62 9.44 15.41 -0.18 1.63 
999.78 9.42 15.55 -0.38 1.65 
1016.94 9.35 15.22 -0.28 1.46 
1034.10 9.20 15.52 -0.38 1.51 
1051.26 9.34 16.00 -0.60 1.38 
1068.42 9.05 15.56 -0.19 1.34 
1085.58 9.43 16.36 -0.49 1.22 
1102.74 9.29 16.12 -0.37 1.30 
1119.90 9.16 16.27 -0.55 1.55 
1137.06 8.75 15.75 -0.20 0.98 
1154.22 9.41 16.55 -0.36 0.75 
1171.38 8.74 15.94 -0.54 1.15 
1188.54 8.94 16.24 -0.11 0.90 
1205.70 9.09 16.29 -0.52 0.96 
1222.86 8.73 16.22 -0.41 0.94 
1240.02 8.74 16.36 -0.56 0.99 
1257.18 8.84 16.56 -0.31 0.88 
1274.34 8.81 16.63 -0.09 0.94 
1291.50 8.94 16.95 -0.37 0.91 
1308.66 8.69 16.57 -0.29 1.28 
1325.82 8.70 16.66 -0.08 1.04 
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4.50 63.39 0.21 8.20 0.34 17.75 
8.79 60.19 1.05 6.91 0.19 16.96 
13.08 56.73 1.65 5.87 0.31 16.07 
17.37 53.98 3.15 5.43 0.47 14.37 
21.66 50.36 4.02 4.76 0.91 13.16 
25.95 47.73 6.24 4.08 1.14 12.19 
30.24 44.36 7.62 2.97 1.25 12.14 
34.53 42.21 9.13 2.73 2.03 12.09 
38.82 40.29 11.31 2.00 1.96 11.30 
43.11 37.82 12.58 1.66 2.35 11.14 
47.40 36.63 14.33 1.35 2.49 11.12 
51.69 34.86 15.00 0.98 2.91 10.84 
55.98 33.44 15.92 0.71 2.91 11.15 
60.27 32.77 17.28 0.40 3.09 11.04 
64.56 32.48 17.45 0.36 3.04 10.88 
68.85 31.46 18.09 0.25 3.30 10.88 
73.14 30.90 18.33 0.19 3.35 10.93 
77.43 30.15 18.90 -0.15 3.36 10.94 
81.72 29.49 19.38 -0.05 3.30 10.73 
86.01 28.85 19.77 -0.05 3.47 10.69 
90.30 29.03 20.39 0.03 3.78 10.96 
94.59 29.09 20.78 -0.15 3.78 10.70 
98.88 28.01 20.87 0.00 3.58 10.77 
103.17 27.81 20.90 0.07 3.45 10.70 
107.46 27.46 20.85 -0.18 3.67 10.83 
111.75 27.88 21.40 -0.06 3.63 10.89 
116.04 27.79 21.42 0.06 3.50 10.85 
120.33 27.91 21.84 -0.07 3.62 10.65 
124.62 27.44 21.67 -0.02 3.75 10.67 
128.91 27.33 22.03 -0.13 3.50 10.75 
133.20 27.29 22.05 -0.10 3.51 10.59 
137.49 27.06 22.02 -0.07 3.55 10.67 
141.78 106.39 88.60 -0.75 14.03 42.77 
158.94 105.95 90.34 -0.70 13.13 41.02 
176.10 104.01 92.54 -0.70 12.22 43.53 
193.26 103.32 93.36 -0.57 11.66 43.39 
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210.42 102.80 94.33 -0.85 11.57 43.28 
227.58 100.39 94.78 -0.38 10.76 43.56 
244.74 98.83 95.73 -0.65 10.47 44.69 
261.90 99.35 97.75 -0.53 10.34 43.56 
279.06 97.90 98.39 -0.66 10.01 42.21 
296.22 96.95 99.76 -0.80 9.08 43.10 
313.38 95.83 100.33 -0.24 9.23 44.33 
330.54 95.97 101.98 -0.79 8.78 43.06 
347.70 94.60 101.52 -0.53 8.03 41.26 
364.86 94.02 103.41 0.08 8.03 44.24 
382.02 92.12 103.43 -0.55 7.53 42.03 
399.18 91.42 104.17 -0.52 6.66 43.40 
416.34 90.65 104.30 -0.38 6.98 43.32 
433.50 89.32 105.53 -0.48 6.46 43.85 
450.66 90.37 106.16 0.10 6.50 42.83 
467.82 89.75 106.83 -0.33 6.40 44.57 
484.98 87.99 107.48 -0.64 5.67 43.48 
502.14 87.09 107.71 -0.71 6.11 43.08 
519.30 86.90 108.66 -0.28 5.31 44.30 
536.46 85.42 108.84 -0.18 4.77 42.40 
553.62 84.74 109.33 -0.58 4.80 43.90 
570.78 84.83 110.27 -0.43 4.57 43.54 
587.94 84.50 110.65 -0.68 4.66 44.50 
605.10 84.27 111.06 -0.19 4.07 43.91 
622.26 83.25 112.24 -0.43 4.25 44.87 
639.42 82.23 112.15 -0.77 4.24 43.18 
656.58 82.38 113.10 -0.23 4.69 42.82 
673.74 81.73 113.57 -0.37 3.64 43.27 
690.90 82.19 114.06 -0.97 3.78 42.52 
708.06 80.38 114.27 -0.50 3.13 42.48 
725.22 79.16 114.06 -0.71 3.27 41.38 
742.38 79.02 115.32 -0.57 3.44 42.83 
759.54 79.01 115.86 0.08 2.41 42.54 
776.70 78.34 115.66 -0.45 3.01 43.54 
793.86 78.46 116.84 -0.88 3.38 43.24 
811.02 78.93 118.25 -0.59 2.78 43.96 
828.18 76.80 117.84 -0.39 2.78 44.77 
845.34 77.15 118.39 -0.73 2.43 43.49 
862.50 75.58 117.72 -0.59 2.62 42.89 
879.66 76.39 119.28 -0.60 2.40 43.33 
896.82 74.74 119.45 -0.47 2.20 43.23 
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913.98 76.40 120.51 -0.37 2.45 43.00 
931.14 73.61 119.76 -0.54 2.11 43.85 
948.30 73.88 120.77 -0.41 2.10 43.25 
965.46 75.46 121.63 -0.69 2.18 41.94 
982.62 74.55 121.71 -0.23 2.14 43.86 
999.78 73.70 121.62 -0.50 2.16 43.45 
1016.94 75.02 122.21 -0.37 1.95 44.59 
1034.10 72.24 121.86 -0.49 1.98 43.63 
1051.26 71.55 122.51 -0.77 1.76 42.54 
1068.42 71.51 123.00 -0.26 1.77 43.90 
1085.58 70.92 123.06 -0.62 1.52 41.80 
1102.74 71.25 123.57 -0.47 1.66 42.60 
1119.90 69.74 123.90 -0.70 1.97 42.30 
1137.06 69.06 124.28 -0.27 1.29 43.83 
1154.22 71.08 125.01 -0.45 0.94 41.97 
1171.38 68.05 124.14 -0.71 1.49 43.27 
1188.54 69.22 125.72 -0.15 1.16 43.00 
1205.70 70.39 126.20 -0.67 1.23 43.03 
1222.86 67.74 125.85 -0.54 1.21 43.11 
1240.02 67.33 126.05 -0.72 1.27 42.80 
1257.18 67.12 125.77 -0.39 1.11 42.20 
1274.34 67.12 126.66 -0.12 1.19 42.32 
1291.50 67.17 127.31 -0.47 1.15 41.74 
1308.66 67.03 127.76 -0.37 1.65 42.84 




Figure 7.6. Reaction progress vs. time for the combination of 4.1 with 4.4 at –10 ° C (Run 3). 
 
Table 7.11. Concentration data for experiment 7.2 (Run 3). 
time (s) [mM] 8-B-4 [mM] CCP [mM] ArPdBr [mM] Complex 4.4 
4.50 20.11 0.35 15.10 -0.31 
8.79 18.67 0.32 14.29 -0.02 
13.08 18.75 0.53 13.65 0.52 
17.37 19.18 0.97 12.04 0.97 
21.66 20.06 1.80 11.54 1.68 
25.95 19.81 2.68 9.99 2.41 
30.24 19.29 3.55 8.58 3.65 
34.53 19.22 4.79 7.86 4.71 
38.82 18.19 5.72 5.66 5.70 
43.11 17.78 6.78 5.26 6.74 
47.40 16.64 7.14 4.03 7.51 
51.69 16.68 8.29 3.54 8.72 
55.98 15.86 8.61 2.10 8.87 
60.27 16.07 9.31 1.66 9.22 
64.56 15.52 9.47 0.90 9.36 
68.85 14.89 9.63 1.23 9.79 
73.14 14.89 10.06 1.12 10.02 
77.43 14.22 10.32 0.31 9.78 
81.72 13.43 9.96 -0.46 10.16 




















Table 7.11. (cont.) 
90.30 14.23 11.46 -0.12 11.14 
94.59 12.99 10.91 -0.97 11.68 
98.88 12.88 11.07 -0.59 11.25 
103.17 12.77 11.28 -0.33 11.36 
107.46 13.33 11.88 -0.27 11.47 
111.75 12.94 11.82 -0.36 11.53 
116.04 12.70 11.52 -0.39 10.79 
120.33 12.70 11.75 -0.41 10.75 
124.62 12.38 11.53 0.29 11.14 
128.91 11.92 11.51 -0.33 11.07 
133.20 12.98 12.20 -0.38 10.82 
137.49 12.60 12.15 0.05 10.33 
141.78 12.27 12.05 -0.11 10.15 
158.94 11.95 12.15 -0.41 10.12 
176.10 11.80 12.31 -0.24 9.45 
193.26 11.72 12.56 -0.24 9.37 
210.42 11.61 12.74 -0.11 8.76 
227.58 11.64 13.08 -0.32 8.48 
244.74 11.33 13.09 -0.17 8.00 
261.90 11.44 13.45 -0.04 7.73 
279.06 10.75 12.99 -0.13 7.64 
296.22 10.85 13.43 -0.08 7.00 
313.38 10.92 13.65 -0.14 6.89 
330.54 10.80 13.72 -0.65 6.69 
347.70 10.61 13.76 -0.27 6.27 
364.86 10.22 13.60 -0.38 6.42 
382.02 10.45 14.23 -0.47 6.06 
399.18 10.21 13.88 -0.62 5.95 
416.34 9.90 13.70 -0.41 5.14 
433.50 9.96 13.96 -0.43 5.18 
450.66 9.87 14.05 -0.54 5.20 
467.82 9.99 14.41 -0.55 4.76 
484.98 9.62 14.10 -0.28 4.74 
502.14 9.66 14.42 -0.31 4.43 
519.30 9.48 14.23 -0.28 4.14 
536.46 9.79 14.92 -0.51 4.22 
553.62 9.65 14.89 -0.55 4.27 
570.78 9.38 14.82 -0.46 4.22 
587.94 9.34 14.75 -0.43 3.68 
605.10 9.46 15.18 -0.28 3.84 
622.26 9.11 14.82 -0.66 3.53 
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639.42 8.77 14.58 -0.48 3.05 
656.58 9.08 15.14 -0.21 3.51 
673.74 9.05 15.18 0.06 3.22 
690.90 8.79 14.99 -0.44 3.07 
708.06 8.67 14.75 -0.29 2.84 
725.22 8.86 15.39 -0.16 3.05 
742.38 8.73 15.19 -0.13 2.76 
759.54 8.64 15.20 -0.39 2.79 
776.70 8.84 15.80 -0.30 2.54 
793.86 8.55 15.52 -0.58 2.32 
811.02 8.17 15.10 -0.60 2.13 
828.18 8.21 15.38 -0.42 2.22 
845.34 8.24 15.25 -0.17 2.07 
862.50 8.41 15.97 -0.47 2.13 
879.66 8.51 16.14 -0.39 2.03 
896.82 8.45 16.01 -0.33 1.96 
913.98 7.99 15.57 -0.48 1.68 
931.14 8.35 16.30 -0.20 2.12 
948.30 8.19 16.23 -0.26 2.03 
965.46 7.82 15.51 -0.28 1.94 
982.62 8.27 16.31 -0.35 1.96 
999.78 8.07 16.38 -0.24 1.65 
1016.94 7.81 16.16 -0.39 1.89 
1034.10 8.15 16.49 -0.54 1.51 
1051.26 7.96 16.44 -0.65 1.59 
1068.42 7.76 16.08 -0.54 1.60 
1085.58 7.69 16.31 -0.52 1.24 
1102.74 7.64 16.13 -0.52 1.36 
1119.90 7.57 16.21 -0.24 1.30 
1137.06 7.64 16.28 -0.34 1.23 
1154.22 7.80 16.76 -0.37 1.09 
1171.38 7.60 16.65 -0.31 1.38 
1188.54 7.49 16.40 -0.41 1.17 
1205.70 7.43 16.74 -0.34 1.16 
1222.86 7.45 16.70 -0.30 1.31 
1240.02 7.45 16.61 -0.53 1.07 
1257.18 7.36 16.69 -0.36 0.90 
1274.34 7.35 16.87 -0.48 1.10 
1291.50 7.16 16.82 -0.25 0.96 
1308.66 7.39 17.15 -0.54 1.39 





















4.50 63.10 1.10 7.90 -0.16 17.43 
8.79 58.94 1.00 7.52 -0.01 17.54 
13.08 55.60 1.58 6.75 0.26 16.48 
17.37 52.35 2.64 5.48 0.44 15.16 
21.66 49.38 4.43 4.73 0.69 13.67 
25.95 45.70 6.19 3.84 0.93 12.81 
30.24 43.01 7.91 3.19 1.36 12.39 
34.53 40.62 10.12 2.77 1.66 11.75 
38.82 38.06 11.96 1.97 1.99 11.62 
43.11 36.27 13.84 1.79 2.29 11.34 
47.40 34.66 14.88 1.40 2.61 11.57 
51.69 32.66 16.22 1.16 2.85 10.88 
55.98 31.39 17.04 0.69 2.93 11.00 
60.27 30.45 17.63 0.52 2.91 10.53 
64.56 29.78 18.17 0.29 2.99 10.66 
68.85 29.00 18.77 0.40 3.18 10.82 
73.14 28.89 19.51 0.36 3.24 10.78 
77.43 27.90 20.24 0.10 3.20 10.90 
81.72 27.14 20.12 -0.16 3.42 11.22 
86.01 25.80 20.86 -0.10 3.59 10.49 
90.30 26.52 21.35 -0.04 3.46 10.35 
94.59 25.68 21.57 -0.32 3.85 10.98 
98.88 25.73 22.11 -0.20 3.75 11.09 
103.17 25.34 22.38 -0.11 3.76 11.02 
107.46 25.01 22.29 -0.09 3.58 10.42 
111.75 24.79 22.65 -0.11 3.68 10.65 
116.04 24.73 22.43 -0.13 3.50 10.82 
120.33 24.79 22.94 -0.13 3.50 10.85 
124.62 24.83 23.11 0.10 3.72 11.14 
128.91 24.07 23.24 -0.11 3.73 11.22 
133.20 24.64 23.17 -0.12 3.42 10.55 
137.49 24.19 23.31 0.02 3.30 10.66 
141.78 96.15 94.39 -0.15 13.25 43.52 
158.94 93.75 95.34 -0.54 13.24 43.60 
176.10 92.51 96.50 -0.32 12.35 43.56 
193.26 92.21 98.86 -0.32 12.29 43.71 
210.42 90.92 99.76 -0.14 11.43 43.49 
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227.58 90.10 101.30 -0.42 10.95 43.02 
244.74 88.34 102.02 -0.22 10.40 43.30 
261.90 87.65 103.06 -0.05 9.87 42.58 
279.06 85.89 103.80 -0.18 10.18 44.39 
296.22 84.47 104.59 -0.10 9.08 43.26 
313.38 84.27 105.34 -0.18 8.87 42.89 
330.54 83.63 106.25 -0.84 8.63 43.02 
347.70 82.59 107.12 -0.35 8.14 43.26 
364.86 81.18 108.02 -0.50 8.50 44.12 
382.02 79.83 108.67 -0.60 7.72 42.43 
399.18 80.75 109.82 -0.81 7.85 43.94 
416.34 79.27 109.72 -0.55 6.86 44.50 
433.50 78.77 110.45 -0.56 6.83 43.94 
450.66 78.37 111.51 -0.72 6.88 44.11 
467.82 77.88 112.29 -0.71 6.18 43.29 
484.98 77.05 112.86 -0.38 6.33 44.48 
502.14 76.30 113.84 -0.40 5.83 43.86 
519.30 75.46 113.29 -0.37 5.50 44.22 
536.46 74.79 114.01 -0.65 5.38 42.46 
553.62 74.44 114.88 -0.71 5.49 42.86 
570.78 72.92 115.27 -0.60 5.47 43.21 
587.94 73.68 116.41 -0.57 4.84 43.84 
605.10 72.60 116.47 -0.36 4.91 42.61 
622.26 71.76 116.71 -0.86 4.64 43.77 
639.42 70.26 116.77 -0.65 4.08 44.50 
656.58 70.84 118.05 -0.28 4.57 43.33 
673.74 70.27 117.89 0.07 4.17 43.15 
690.90 70.01 119.33 -0.58 4.07 44.23 
708.06 70.11 119.31 -0.39 3.83 44.94 
725.22 69.17 120.13 -0.21 3.96 43.37 
742.38 69.34 120.69 -0.17 3.65 44.15 
759.54 68.78 121.01 -0.52 3.71 44.22 
776.70 67.42 120.48 -0.38 3.23 42.36 
793.86 67.12 121.74 -0.76 3.03 43.59 
811.02 65.83 121.63 -0.81 2.86 44.76 
828.18 65.00 121.72 -0.55 2.93 43.98 
845.34 66.43 122.93 -0.22 2.78 44.78 
862.50 64.46 122.34 -0.61 2.72 42.57 
879.66 65.09 123.42 -0.50 2.59 42.48 
896.82 65.59 124.19 -0.42 2.54 43.10 
913.98 63.80 124.43 -0.65 2.24 44.39 
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931.14 63.93 124.78 -0.26 2.70 42.53 
948.30 62.93 124.70 -0.34 2.60 42.68 
965.46 62.90 124.78 -0.38 2.60 44.70 
982.62 64.15 126.50 -0.45 2.53 43.10 
999.78 61.96 125.77 -0.31 2.11 42.65 
1016.94 60.76 125.76 -0.51 2.45 43.24 
1034.10 62.99 127.49 -0.70 1.95 42.95 
1051.26 61.73 127.50 -0.84 2.05 43.09 
1068.42 61.56 127.58 -0.71 2.12 44.08 
1085.58 59.92 127.00 -0.68 1.61 43.27 
1102.74 60.69 128.19 -0.69 1.81 44.16 
1119.90 59.71 127.85 -0.31 1.70 43.81 
1137.06 60.55 128.99 -0.45 1.62 44.03 
1154.22 60.29 129.49 -0.48 1.40 42.93 
1171.38 58.96 129.10 -0.40 1.79 43.08 
1188.54 59.30 129.81 -0.54 1.55 43.99 
1205.70 57.42 129.29 -0.43 1.50 42.92 
1222.86 58.12 130.37 -0.38 1.71 43.37 
1240.02 58.80 131.14 -0.70 1.41 43.87 
1257.18 57.86 131.18 -0.47 1.18 43.66 
1274.34 56.89 130.61 -0.61 1.42 43.01 
1291.50 55.77 131.12 -0.32 1.25 43.30 
1308.66 56.69 131.65 -0.69 1.78 42.64 
1325.82 55.73 132.11 -0.22 1.48 42.68 
 
Experiment 7.3: Oxidative Addition Reaction Between Complex 4.4 and Aryl Bromide 4.9. 
 
In a glovebox, an oven-dried, 2-mL, volumetric flask received 42.8 mg (0.10 mmol) of 4-
fluorophenylpalladium(tri-tert-butylphosphine) bromide (4.2). To the volumetric flask containing 
4.2 was added 1 mL of THF, and the solids were dissolved by gentle swirling. 10 uL of 1,2-
difluorobenzene (0.10 mmol) was added using a 25-µL Hamilton syringe, and THF was added to 




























1,2-difluorobenzene (50 mM). The solution was transferred by pipette into a 20-mL scintillation 
vial. 
In a glovebox, an oven-dried, 2-mL, volumetric flask received 22 µL (0.20 mmol) of 4-
fluorobromobenzene (4.9), and the oil was dissolved in 1 mL of THF by gentle swirling. The 
solution was diluted to the line with THF to generate 2.0 mL of a THF solution containing 4-
fluorobromobenzene (100 mM). The solution was transferred by pipette into a 20-mL scintillation 
vial and capped with a septum cap. 
In a glovebox, an oven-dried, 2-mL, volumetric flask received 25.7 (0.2 mmol) and 41.5 
mg (0.1 mmol) of 4-fluorophenyl boronic ester (4.11), and the solids were dissolved in 1 mL of 
THF by gentle swirling. The solution was diluted to the line with THF to generate 2.0 mL of a 
THF solution containing boronate 4.8 (100 mM). The solution was transferred by pipette into a 
20-mL scintillation vial and capped with a septum cap. 
In a glovebox, 200 µL of arylpalladium bromide/1,2-difluorobenzene solution (50 mM in 
THF) was dispensed into an oven-dried, 5-mm, NMR tube using a 500 µL Hamilton syringe. Next, 
300 uL of THF was added to the NMR tube using a 500-µL Hamilton syringe. The NMR tube was 
then capped using a rubber septum cap. This procedure was repeated eight additional times, to 
generate 9 NMR tubes each containing 200 µL of solution. 
Finally, in a glovebox, approximately 5 mL of dry, degassed THF was transferred into a 
20-mL scintillation vial, which was capped with a septum cap. 
All materials were removed from the glovebox, and the nine 5-mm NMR tubes were 
immediately placed into a –78 °C dry ice/acetone bath. 
Next, a 600-MHz NMR magnet was cooled to –40 °C and the bore was placed under a 
nitrogen atmosphere. In the first run, the software was set to record 200 FIDs of 4 transients each, 
with a 5 second relaxation delay, such that a spectrum was collected every 20 seconds. In the 
second and third runs, the software was set to record 100 FIDs of 4 transients each, with a 10 
second relaxation delay, such that a spectrum was collected every 20 seconds. 
To a 5-mm NMR tube held in a –78 °C dry ice/acetone bath containing 500 µL of a THF 
solution of arylpalladium bromide 4.2 and 1,2-difluorobenzene was added 50 µL of a 100 mM 
THF solution of boronate 4.8 (0.5 equiv w.r.t. 4.2) using a 250 µL Hamilton syringe equipped with 
a 10 inch needle. The mixture was annealed at –40 °C for 10 minutes in the NMR probe cooled to 
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–40 °C, then the NMR tube was returned to the –78 °C bath and the NMR probe was warmed to –
10 °C.  
Next, 50 µL of a 100 mM THF solution of aryl bromide 4.9 (0.5 equiv w.r.t. 4.2) was added 
using a 250 µL Hamilton syringe equipped with a 10-inch needle. After waiting 10 seconds for the 
sample to cool to –78 °C the sample was mixed by holding on a vortexer for 5 seconds, cooling at 
–78 °C for 5 seconds, vortexing for 5 seconds, cooling at –78 °C for 8 seconds, then vortexting for 
8 seconds. The NMR tube was removed from the dry ice/acetone bath, wiped once with a kimwipe, 
placed in an NMR spinner, and lowered into the NMR magnet (–10 °C), at which time acquisition 
began. The time between removal of the NMR tube from the bath and acquisition beginning was 
10 seconds. This process was repeated three times to obtain data in triplicate. 
 
Figure 7.7. Reaction progress vs. time for the combination of 4.4 with 4.9 at –10 ° C (Run 1). 
Table 7.13. Concentration data for experiment 7.3 (Run 1). 
time (s) [mM] ArBr [mM] CCP [mM] ArPdBr [mM] Complex 4.4 
5.00 7.28 7.78 1.27 6.44 
26.16 6.68 8.12 1.44 6.70 
47.32 6.28 8.11 1.58 6.58 
68.48 6.19 8.45 1.61 6.84 
89.64 6.63 8.39 1.68 6.49 
110.80 6.51 8.55 1.71 6.62 
131.96 6.52 8.59 1.87 6.80 





















Table 7.13. (cont.) 
174.28 6.28 8.67 2.13 6.93 
195.44 6.05 8.54 2.54 6.77 
216.60 6.17 8.55 2.49 6.73 
237.76 5.92 8.59 2.56 6.45 
258.92 5.92 8.35 2.57 6.61 
280.08 5.87 8.62 2.40 6.56 
301.24 5.82 8.61 2.70 6.54 
322.40 5.92 8.90 2.78 6.64 
343.56 5.90 8.83 2.67 6.46 
364.72 5.80 8.57 2.84 6.35 
385.88 5.83 8.91 3.08 6.16 
407.04 5.95 8.62 2.91 6.30 
428.20 5.68 8.68 2.91 6.27 
449.36 5.61 8.78 3.22 6.06 
470.52 5.58 8.62 3.51 6.17 
491.68 5.81 8.81 3.23 6.10 
512.84 5.64 8.89 3.02 5.98 
534.00 5.47 8.86 3.25 5.83 
555.16 5.43 8.73 3.12 6.13 
576.32 5.64 8.83 3.61 5.91 
597.48 5.42 8.82 3.58 5.98 
618.64 5.30 8.73 3.45 5.58 
639.80 5.28 9.01 3.72 5.99 
660.96 5.32 8.92 3.82 5.77 
682.12 5.54 9.01 3.65 5.89 
703.28 5.11 8.81 3.79 5.88 
724.44 5.15 8.85 3.96 5.53 
745.60 5.14 8.93 3.61 5.36 
766.76 5.14 8.72 3.61 5.62 
787.92 5.19 8.88 3.54 5.69 
809.08 4.99 9.00 3.74 5.58 
830.24 5.10 8.92 4.01 5.52 
851.40 5.12 8.89 3.98 5.18 
872.56 5.17 8.93 3.79 5.38 
893.72 4.98 8.78 4.20 5.53 
914.88 5.28 9.27 4.11 5.59 
936.04 4.82 9.10 3.85 5.28 
957.20 5.03 8.99 3.91 5.47 
978.36 5.04 9.06 3.96 5.20 
999.52 4.90 9.17 4.07 5.37 
1020.68 4.88 9.14 4.27 5.52 
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1041.84 5.10 9.32 4.37 5.44 
1046.84 4.87 9.17 4.18 5.41 
1068.00 4.87 9.03 4.23 5.05 
1089.16 4.84 9.42 4.45 4.96 
1110.32 4.85 9.23 4.46 5.29 
1131.48 4.84 9.36 4.25 5.05 
1152.64 4.77 9.32 4.34 5.09 
1173.80 4.75 9.15 4.43 5.34 
1194.96 4.65 9.28 4.22 4.93 
1216.12 4.60 9.32 4.46 5.10 
1237.28 4.77 9.10 4.59 5.27 
1258.44 4.48 9.21 4.55 4.77 
1279.60 4.73 9.54 4.75 4.99 
1300.76 4.52 9.18 4.56 4.84 
1321.92 4.84 9.34 4.34 4.90 
1343.08 4.46 9.18 4.49 5.09 
1364.24 4.61 9.32 4.86 4.89 
1385.40 4.66 9.42 4.58 5.06 
1406.56 4.54 9.23 4.67 4.78 
1427.72 4.65 9.47 5.01 4.77 
1448.88 4.37 9.37 4.76 4.89 
1470.04 4.52 9.14 5.00 4.82 
1491.20 4.32 9.32 4.53 4.65 
1512.36 4.41 9.56 4.71 4.72 
1533.52 4.49 9.42 4.91 4.79 
1554.68 4.23 9.39 4.76 4.83 
1575.84 4.40 9.33 4.83 4.44 
1597.00 4.45 9.63 4.88 4.49 
1618.16 4.15 9.37 4.92 4.33 
1639.32 4.30 9.55 4.89 4.62 
1660.48 4.19 9.42 4.74 4.41 
1681.64 4.22 9.52 4.86 4.43 
1702.80 4.26 9.73 5.13 4.40 
1723.96 4.00 9.66 4.96 4.31 
1745.12 4.05 9.37 4.62 4.29 
1766.28 4.19 9.42 4.96 4.65 
1787.44 4.00 9.50 4.88 4.29 
1808.60 4.11 9.65 5.42 4.18 
1829.76 4.19 9.37 5.07 4.52 
1850.92 4.38 10.06 5.59 4.32 
1872.08 4.18 9.75 5.06 4.46 
1893.24 4.23 9.83 5.20 4.42 
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1914.40 4.25 9.92 5.18 4.49 
1935.56 4.28 9.67 4.75 4.33 
1956.72 4.11 9.73 5.20 4.37 
1977.88 4.07 9.83 5.22 4.14 
1999.04 4.19 9.69 5.00 4.35 
2020.20 3.86 9.57 4.69 3.96 
2041.36 4.24 9.78 5.16 4.05 
2062.52 3.90 9.55 5.10 4.14 
2083.68 3.66 9.79 5.25 4.04 
2088.68 4.04 9.82 5.07 4.07 
2109.84 3.89 9.69 5.24 4.07 
2131.00 4.02 9.96 5.26 4.15 
2152.16 3.79 9.48 5.08 3.90 
2173.32 3.80 9.95 5.22 4.16 
2194.48 4.02 10.31 5.21 3.90 
2215.64 3.81 9.96 5.52 4.10 
2236.80 4.13 9.84 5.03 4.09 
2257.96 3.62 9.56 5.09 3.54 
2279.12 3.89 9.80 4.94 4.11 
2300.28 3.51 9.57 5.13 3.90 
2321.44 4.00 9.87 5.31 3.73 
2342.60 3.94 9.83 5.32 3.66 
2363.76 4.03 10.09 5.51 3.92 
2384.92 3.68 10.16 5.32 3.79 
2406.08 3.60 9.62 5.17 3.80 
2427.24 3.82 10.18 5.20 3.83 
2448.40 3.79 9.84 5.45 3.86 
2469.56 3.62 9.83 5.29 3.53 
2490.72 3.55 9.98 5.72 3.43 
2511.88 3.61 10.25 5.74 4.17 
2533.04 3.72 10.10 5.40 3.52 
2554.20 3.74 10.10 5.37 3.91 
2575.36 3.51 9.96 5.11 3.74 
2596.52 3.76 10.06 5.32 3.73 
2617.68 3.53 10.16 5.49 3.90 
2638.84 3.60 10.25 5.36 3.43 
2660.00 3.54 9.96 5.33 3.51 
2681.16 3.71 10.32 5.50 4.20 
2702.32 3.69 10.22 5.08 3.52 
2723.48 3.50 10.07 5.30 3.24 
2744.64 3.43 10.25 5.40 3.46 
2765.80 3.43 10.35 5.42 3.43 
2786.96 3.31 10.09 5.40 3.36 
2808.12 3.61 10.44 5.57 3.46 
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2829.28 3.40 10.36 5.31 3.61 
2850.44 3.54 10.33 5.19 3.29 
2871.60 3.55 10.44 5.86 3.49 
2892.76 3.57 10.29 5.51 3.30 
2913.92 3.28 10.27 5.38 3.34 
2935.08 3.60 10.13 5.58 3.61 
2956.24 3.49 10.50 5.37 3.73 
2977.40 3.59 10.27 5.29 3.38 
2998.56 3.54 10.67 5.87 3.45 
3019.72 3.45 10.47 5.80 3.58 
3040.88 3.32 10.17 5.03 3.62 
3062.04 3.67 10.34 5.30 3.22 
3083.20 3.19 10.37 5.40 3.33 
3104.36 3.34 10.40 5.37 3.43 
3125.52 3.35 10.49 5.52 3.28 
3130.52 3.13 9.75 5.03 2.86 
3151.68 3.26 10.25 5.37 3.35 
3172.84 3.15 9.88 5.38 3.13 
3194.00 3.26 10.30 5.27 3.20 
3215.16 3.47 10.40 5.44 3.32 
3236.32 3.24 10.62 5.36 3.12 
3257.48 3.13 10.09 5.24 3.37 
3278.64 3.60 10.79 5.47 3.64 
3299.80 3.42 10.38 5.06 2.91 
3320.96 3.17 9.99 5.18 2.93 
3342.12 3.72 10.69 5.41 3.12 
3363.28 3.45 10.63 5.57 3.06 
3384.44 3.18 10.60 5.37 2.89 
3405.60 3.35 10.77 5.33 3.04 
3426.76 3.44 10.86 5.66 3.20 
3447.92 3.17 10.41 5.64 3.21 
3469.08 3.24 10.45 5.82 2.93 
3490.24 2.97 10.33 5.34 2.80 
3511.40 3.09 10.38 5.43 3.13 
3532.56 3.22 10.69 5.46 3.14 
3553.72 3.17 10.54 5.44 2.81 
3574.88 3.10 10.79 5.04 3.02 
3596.04 3.12 10.95 5.39 3.09 
3617.20 3.43 10.94 5.54 3.28 
3638.36 2.83 10.47 5.43 2.67 
3659.52 3.04 10.40 5.37 2.88 
3680.68 3.14 10.69 5.15 3.15 
3701.84 3.37 10.98 5.15 3.11 
3723.00 3.13 10.86 5.64 3.02 
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3744.16 3.19 11.08 5.28 3.01 
3765.32 3.17 10.97 5.32 2.92 
3786.48 3.23 10.87 5.44 2.79 
3807.64 2.97 10.89 5.11 2.94 
3828.80 2.81 10.30 4.82 2.89 
3849.96 3.02 11.06 5.50 3.15 
3871.12 3.17 10.84 5.71 2.75 
3892.28 3.14 10.76 4.86 2.79 
3913.44 3.14 10.80 5.61 2.98 
3934.60 3.11 11.39 5.70 2.99 
3955.76 3.04 11.00 5.34 2.93 
3976.92 3.02 10.56 5.43 2.65 
3998.08 3.06 11.17 5.08 2.77 
4019.24 3.04 10.78 5.30 2.67 
4040.40 3.01 10.69 5.31 2.56 
4061.56 3.12 10.94 5.38 2.69 
4082.72 2.76 10.91 5.03 2.82 
4103.88 3.04 10.95 5.02 2.71 
4125.04 2.93 10.93 4.95 2.50 
4146.20 2.79 10.24 4.89 2.33 
4167.36 2.88 10.99 5.15 2.79 
 
 

















5.00 37.71 80.53 6.56 33.35 172.61 
26.16 32.07 78.01 6.91 32.16 160.05 
47.32 28.86 74.45 7.26 30.23 153.07 
68.48 27.10 73.95 7.04 29.92 145.83 
89.64 28.94 73.21 7.32 28.31 145.41 
110.80 28.22 74.11 7.41 28.70 144.46 
131.96 27.92 73.60 8.02 29.14 142.79 
153.12 27.67 75.02 8.23 28.45 144.05 
174.28 27.03 74.62 9.18 29.84 143.50 
195.44 26.08 73.71 10.96 29.22 143.78 
216.60 26.42 73.25 10.65 28.85 142.80 
237.76 25.30 73.45 10.94 27.60 142.54 
258.92 25.88 73.04 11.23 28.91 145.74 
280.08 25.10 73.70 10.28 28.03 142.51 
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301.24 25.03 74.07 11.61 28.13 143.40 
322.40 24.55 73.81 11.53 27.55 138.26 
343.56 25.01 74.78 11.29 27.36 141.22 
364.72 25.16 74.30 12.31 27.52 144.48 
385.88 24.36 74.53 12.86 25.76 139.36 
407.04 25.20 73.02 12.32 26.66 141.12 
428.20 24.59 75.21 12.61 27.17 144.34 
449.36 24.01 75.20 13.80 25.96 142.69 
470.52 23.92 73.90 15.06 26.45 142.88 
491.68 24.92 75.58 13.84 26.17 142.97 
512.84 23.84 75.18 12.77 25.31 140.96 
534.00 23.26 75.36 13.83 24.80 141.76 
555.16 23.48 75.52 13.48 26.49 144.12 
576.32 24.16 75.58 15.47 25.28 142.70 
597.48 22.87 74.39 15.11 25.20 140.56 
618.64 22.92 75.54 14.91 24.13 144.17 
639.80 22.19 75.63 15.63 25.15 139.96 
660.96 22.63 76.00 16.25 24.58 141.92 
682.12 23.22 75.56 15.30 24.68 139.75 
703.28 21.61 74.59 16.03 24.89 141.05 
724.44 22.00 75.65 16.93 23.66 142.52 
745.60 21.89 76.07 15.39 22.83 141.96 
766.76 22.39 76.02 15.75 24.50 145.30 
787.92 22.50 76.92 15.33 24.68 144.45 
809.08 21.38 77.08 16.03 23.90 142.74 
830.24 21.81 76.33 17.18 23.61 142.61 
851.40 21.83 75.88 16.97 22.08 142.20 
872.56 22.21 76.70 16.28 23.10 143.15 
893.72 21.59 76.11 18.22 23.96 144.48 
914.88 22.35 78.54 17.39 23.65 141.13 
936.04 20.59 77.75 16.45 22.58 142.45 
957.20 21.60 77.21 16.77 23.48 143.12 
978.36 21.68 78.02 17.04 22.39 143.47 
999.52 20.81 77.92 17.30 22.81 141.58 
1020.68 20.97 78.60 18.38 23.75 143.37 
1041.84 21.40 78.24 18.34 22.85 139.96 
1046.84 21.15 79.58 18.16 23.50 144.71 
1068.00 20.71 76.81 17.99 21.49 141.79 
1089.16 20.43 79.43 18.78 20.93 140.60 
1110.32 20.60 78.44 18.96 22.47 141.65 
1131.48 20.85 80.65 18.33 21.75 143.61 
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1152.64 20.13 78.66 18.30 21.47 140.67 
1173.80 20.62 79.41 19.23 23.18 144.67 
1194.96 19.92 79.55 18.10 21.11 142.83 
1216.12 19.47 78.81 18.85 21.56 140.97 
1237.28 20.66 78.94 19.91 22.84 144.51 
1258.44 19.49 80.13 19.80 20.73 145.02 
1279.60 20.21 81.48 20.27 21.29 142.32 
1300.76 19.64 79.68 19.79 21.01 144.69 
1321.92 21.09 81.37 18.93 21.37 145.27 
1343.08 19.48 80.17 19.61 22.25 145.58 
1364.24 19.74 79.88 20.83 20.97 142.84 
1385.40 19.92 80.62 19.60 21.64 142.60 
1406.56 19.50 79.36 20.07 20.57 143.31 
1427.72 19.50 79.45 21.01 20.01 139.88 
1448.88 18.66 79.99 20.33 20.85 142.26 
1470.04 19.87 80.33 21.94 21.20 146.43 
1491.20 18.99 82.00 19.94 20.45 146.65 
1512.36 18.76 81.37 20.04 20.10 141.79 
1533.52 19.26 80.78 21.05 20.52 142.87 
1554.68 18.21 80.80 20.46 20.76 143.36 
1575.84 19.08 80.96 20.93 19.25 144.55 
1597.00 18.84 81.66 20.66 19.05 141.26 
1618.16 18.14 81.85 21.47 18.90 145.54 
1639.32 18.57 82.43 21.11 19.94 143.92 
1660.48 18.01 81.02 20.38 18.96 143.37 
1681.64 18.06 81.54 20.83 18.98 142.70 
1702.80 18.01 82.31 21.73 18.62 141.06 
1723.96 17.21 83.13 21.34 18.53 143.42 
1745.12 17.94 82.96 20.46 18.98 147.55 
1766.28 18.17 81.70 21.52 20.18 144.56 
1787.44 17.31 82.19 21.12 18.54 144.15 
1808.60 17.68 82.99 23.29 17.98 143.28 
1829.76 18.32 81.88 22.15 19.73 145.59 
1850.92 18.25 83.78 23.29 17.99 138.80 
1872.08 17.80 83.11 21.56 19.03 142.09 
1893.24 17.74 82.46 21.83 18.54 139.85 
1914.40 17.97 83.79 21.87 18.98 140.77 
1935.56 18.36 83.05 20.40 18.61 143.16 
1956.72 17.49 82.83 22.12 18.60 141.87 
1977.88 17.42 84.06 22.31 17.68 142.47 
1999.04 18.14 83.82 21.65 18.83 144.22 
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2020.20 17.11 84.80 20.79 17.52 147.66 
2041.36 18.36 84.69 22.35 17.56 144.39 
2062.52 16.93 83.02 22.17 17.98 144.86 
2083.68 15.62 83.50 22.37 17.22 142.10 
2088.68 17.67 85.94 22.18 17.81 145.79 
2109.84 16.87 84.10 22.73 17.66 144.63 
2131.00 17.10 84.71 22.37 17.63 141.75 
2152.16 16.62 83.14 22.26 17.12 146.13 
2173.32 16.23 84.87 22.27 17.75 142.20 
2194.48 17.08 87.61 22.13 16.56 141.64 
2215.64 16.28 85.02 23.56 17.49 142.25 
2236.80 17.95 85.64 21.87 17.82 145.07 
2257.96 16.22 85.75 22.85 15.86 149.52 
2279.12 16.74 84.32 21.26 17.69 143.33 
2300.28 15.50 84.61 22.66 17.24 147.31 
2321.44 16.89 83.30 22.43 15.76 140.73 
2342.60 17.08 85.20 23.08 15.88 144.50 
2363.76 16.99 85.13 23.23 16.54 140.56 
2384.92 15.80 87.17 22.82 16.28 143.06 
2406.08 15.99 85.35 22.95 16.84 147.88 
2427.24 16.46 87.61 22.39 16.48 143.42 
2448.40 16.43 85.41 23.67 16.76 144.67 
2469.56 15.87 86.12 23.18 15.44 145.99 
2490.72 15.28 85.88 24.60 14.77 143.44 
2511.88 15.10 85.74 24.01 17.46 139.43 
2533.04 15.89 86.31 23.07 15.04 142.47 
2554.20 16.27 87.90 23.35 17.00 145.08 
2575.36 15.12 85.82 22.03 16.13 143.67 
2596.52 16.11 86.19 22.80 15.97 142.82 
2617.68 15.25 87.73 23.70 16.84 143.89 
2638.84 15.30 87.03 22.74 14.55 141.53 
2660.00 15.56 87.63 23.45 15.44 146.66 
2681.16 15.82 87.93 23.43 17.90 141.93 
2702.32 15.93 88.31 21.96 15.20 143.97 
2723.48 15.20 87.56 23.04 14.08 144.90 
2744.64 14.68 87.64 23.08 14.81 142.54 
2765.80 14.52 87.58 22.93 14.50 140.97 
2786.96 14.42 87.86 23.53 14.61 145.17 
2808.12 15.26 88.24 23.52 14.63 140.86 
2829.28 14.59 88.86 22.78 15.46 142.94 
2850.44 15.35 89.48 22.50 14.24 144.39 
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2871.60 15.08 88.65 24.86 14.81 141.46 
2892.76 15.40 88.78 23.77 14.24 143.81 
2913.92 14.50 90.85 23.77 14.78 147.38 
2935.08 15.33 86.43 23.80 15.38 142.14 
2956.24 14.87 89.61 22.89 15.92 142.20 
2977.40 15.65 89.59 23.04 14.75 145.33 
2998.56 14.85 89.57 24.64 14.50 139.96 
3019.72 14.59 88.56 24.53 15.13 141.00 
3040.88 14.53 88.99 21.99 15.84 145.81 
3062.04 15.88 89.52 22.95 13.93 144.34 
3083.20 13.81 89.75 23.36 14.43 144.29 
3104.36 14.40 89.60 23.13 14.78 143.54 
3125.52 14.31 89.45 23.56 14.01 142.18 
3130.52 14.52 90.50 23.34 13.27 154.65 
3151.68 14.32 90.02 23.60 14.71 146.42 
3172.84 14.23 89.35 24.35 14.17 150.75 
3194.00 14.22 89.81 22.95 13.93 145.28 
3215.16 14.90 89.42 23.38 14.25 143.25 
3236.32 13.67 89.49 22.56 13.16 140.40 
3257.48 13.79 88.97 23.12 14.88 147.00 
3278.64 15.22 91.26 23.14 15.37 140.97 
3299.80 14.91 90.37 22.05 12.66 145.13 
3320.96 14.26 89.88 23.30 13.18 149.96 
3342.12 16.13 92.84 23.47 13.55 144.71 
3363.28 14.92 91.84 24.07 13.24 144.04 
3384.44 13.66 90.91 23.03 12.41 143.00 
3405.60 14.15 91.06 22.51 12.84 140.90 
3426.76 14.55 91.74 23.89 13.50 140.76 
3447.92 13.85 91.13 24.69 14.04 145.86 
3469.08 14.01 90.31 25.14 12.66 144.02 
3490.24 12.94 90.04 23.27 12.18 145.20 
3511.40 13.69 91.97 24.07 13.85 147.62 
3532.56 13.85 91.96 23.48 13.49 143.40 
3553.72 13.80 91.84 23.69 12.24 145.20 
3574.88 13.22 91.89 21.45 12.85 141.94 
3596.04 13.30 93.38 22.98 13.19 142.07 
3617.20 14.43 92.04 23.29 13.81 140.23 
3638.36 12.52 92.78 24.05 11.84 147.67 
3659.52 13.37 91.41 23.61 12.67 146.54 
3680.68 13.46 91.69 22.10 13.50 143.00 
3701.84 14.20 92.58 21.73 13.10 140.49 
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3723.00 13.25 92.08 23.90 12.81 141.27 
3744.16 13.47 93.54 22.27 12.71 140.69 
3765.32 13.45 93.16 22.60 12.41 141.49 
3786.48 13.76 92.56 23.14 11.87 141.87 
3807.64 12.70 93.07 21.86 12.56 142.48 
3828.80 12.70 93.00 21.74 13.04 150.49 
3849.96 12.67 92.93 23.11 13.22 140.09 
3871.12 13.68 93.61 24.64 11.85 143.86 
3892.28 13.53 92.70 20.96 12.02 143.64 
3913.44 13.53 93.24 24.22 12.85 143.83 
3934.60 12.85 94.18 23.57 12.35 137.81 
3955.76 13.02 94.39 22.92 12.57 142.98 
3976.92 13.44 93.87 24.14 11.78 148.17 
3998.08 12.90 94.13 21.40 11.70 140.50 
4019.24 13.04 92.48 22.72 11.44 142.94 
4040.40 13.15 93.38 23.17 11.17 145.54 
4061.56 13.36 93.64 23.02 11.54 142.73 
4082.72 11.99 94.75 21.86 12.26 144.78 
4103.88 12.97 93.42 21.42 11.57 142.23 
4125.04 12.66 94.55 21.43 10.83 144.17 
4146.20 12.76 93.66 22.37 10.67 152.51 
4167.36 12.24 93.37 21.88 11.84 141.67 
 





















Table 7.15. Concentration data for experiment 7.3 (Run 2). 
time (s) [mM] ArBr [mM] CCP [mM] ArPdBr [mM] Complex 4.4 
10 8.41 6.78 0.11 5.93 
51.16 8.25 7.58 0.75 6.42 
92.32 7.71 7.48 0.70 6.24 
133.48 7.53 8.00 1.10 6.25 
174.64 6.67 7.48 1.29 5.74 
215.8 7.02 8.12 1.67 5.74 
256.96 6.71 7.80 1.73 5.61 
298.12 6.53 7.99 1.79 5.49 
339.28 6.39 7.97 2.01 5.38 
380.44 6.30 7.89 2.08 5.20 
421.6 6.00 7.98 2.07 5.25 
462.76 6.21 8.32 2.49 5.60 
503.92 6.00 7.88 2.06 5.01 
545.08 6.28 8.25 2.81 5.05 
586.24 5.53 7.81 2.80 4.74 
627.4 5.64 7.99 2.70 4.85 
668.56 5.99 8.37 2.98 4.71 
709.72 5.55 8.52 3.09 5.04 
750.879 5.42 8.27 2.84 4.45 
792.039 6.44 8.80 2.88 4.60 
833.199 5.27 8.22 2.97 4.17 
874.359 5.39 8.47 3.04 4.45 
915.519 5.31 8.35 3.42 4.15 
956.679 5.51 8.38 3.02 4.36 
997.839 5.29 8.44 3.32 4.44 
1039 5.21 8.53 3.33 4.07 
1080.16 5.10 8.50 3.17 4.08 
1121.32 5.51 8.79 3.47 4.06 
1162.48 4.89 8.42 3.56 4.08 
1203.64 5.04 8.60 3.47 3.96 
1244.8 4.53 8.60 3.35 3.73 
1285.96 5.00 8.88 3.67 3.85 
1327.12 4.92 8.86 3.96 3.65 
1368.28 4.49 8.40 3.37 3.35 
1409.44 4.53 8.55 3.62 3.44 
1450.6 4.58 9.13 4.08 3.85 
1491.76 4.76 8.87 3.81 3.49 
1532.92 4.77 8.48 3.77 3.30 
1574.08 4.48 8.42 3.62 3.44 
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1615.24 4.49 8.78 3.71 3.60 
1656.4 4.31 8.63 3.63 3.47 
1697.56 4.37 8.73 3.87 3.36 
1738.72 4.21 8.78 3.86 3.03 
1779.88 4.28 8.37 3.60 2.79 
1821.04 4.27 8.71 3.67 2.92 
1862.2 4.52 8.89 3.75 3.02 
1903.36 4.13 8.56 3.76 2.93 
1944.52 4.27 9.13 3.93 3.23 
1985.68 4.18 9.03 3.82 2.91 
2026.84 4.21 9.13 4.16 2.91 
2068 4.00 8.86 3.76 2.78 
2109.16 4.16 8.74 3.84 2.77 
2150.32 4.21 8.97 3.81 2.90 
2191.48 4.15 9.22 3.99 2.83 
2232.64 4.19 9.37 3.98 2.61 
2273.8 4.08 8.85 4.08 2.83 
2314.96 3.92 9.00 3.94 2.88 
2356.12 4.25 9.46 3.95 2.72 
2397.28 3.89 9.43 4.09 2.57 
2438.44 3.95 9.41 4.12 2.67 
2479.6 4.00 9.20 4.05 2.45 
2520.76 3.80 9.14 3.82 2.33 
2561.92 4.03 9.50 4.08 2.69 
2603.08 3.88 9.52 3.94 2.48 
2644.24 3.81 9.37 3.86 2.52 
2685.4 3.94 9.56 4.18 2.55 
2726.56 3.65 9.77 4.15 2.40 
2767.72 3.84 9.48 4.16 2.30 
2808.88 3.71 9.59 3.75 2.01 
2850.04 3.69 9.77 4.37 2.27 
2891.2 3.78 9.19 3.97 2.16 
2932.36 3.82 9.78 4.30 2.15 
2973.52 3.75 9.76 3.95 2.04 
3014.68 4.01 9.62 4.20 2.04 
3055.84 3.84 9.13 4.15 2.20 
3097 3.43 9.57 4.02 1.89 
3138.16 3.25 9.54 3.88 1.95 
3179.32 3.70 9.70 3.92 2.02 
3220.48 3.40 9.46 3.99 1.89 
3261.64 3.56 9.89 4.35 2.09 
3302.8 3.37 9.92 4.36 2.04 
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3343.96 3.41 9.50 4.01 1.90 
3385.12 3.45 9.52 4.00 1.69 
3426.28 3.26 9.66 3.95 1.78 
3467.44 3.86 10.45 4.15 2.35 
3508.6 3.51 9.60 3.83 1.77 
3549.76 3.60 9.53 3.85 1.67 
3590.92 3.44 9.50 3.81 1.66 
3632.08 3.36 9.63 3.69 1.71 
3673.24 3.47 9.39 3.82 1.62 
3714.4 3.32 9.59 3.66 1.61 
3755.56 3.05 9.22 3.68 1.77 
3796.72 3.28 9.76 3.82 1.74 
3837.88 3.18 9.42 4.05 1.88 
3879.04 3.05 9.32 3.85 1.34 
3920.2 3.56 10.40 4.11 1.58 
3961.36 3.14 9.73 4.02 1.48 
4002.52 3.22 9.76 3.88 1.46 
4043.68 3.37 10.48 4.57 1.59 
4084.84 3.26 9.60 3.67 1.26 
 

















10 56.12 90.38 0.73 39.54 222.32 
51.16 46.18 84.84 4.22 35.91 186.49 
92.32 42.04 81.55 3.83 34.01 181.68 
133.48 40.81 86.67 5.93 33.83 180.56 
174.64 36.35 81.53 7.05 31.28 181.61 
215.8 38.19 88.37 9.08 31.24 181.43 
256.96 37.03 86.17 9.57 30.99 184.04 
298.12 36.50 89.22 9.98 30.65 186.22 
339.28 36.84 91.95 11.60 31.02 192.26 
380.44 35.17 88.07 11.63 29.06 186.15 
421.6 34.14 90.81 11.77 29.85 189.60 
462.76 33.62 90.11 13.50 30.33 180.58 
503.92 34.65 90.96 11.91 28.93 192.36 
545.08 33.78 88.70 15.08 27.15 179.17 
586.24 31.79 89.87 16.13 27.29 191.77 
627.4 32.32 91.53 15.49 27.76 190.85 
668.56 32.70 91.44 16.30 25.70 182.02 
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709.72 29.91 91.76 16.62 27.16 179.51 
750.879 30.56 93.30 16.00 25.10 187.94 
792.039 35.11 95.87 15.71 25.08 181.65 
833.199 30.14 93.95 16.99 23.83 190.48 
874.359 29.43 92.61 16.60 24.31 182.16 
915.519 29.97 94.26 19.30 23.39 188.05 
956.679 30.73 93.52 16.84 24.31 186.05 
997.839 29.35 93.62 18.42 24.59 184.82 
1039 29.08 95.23 18.61 22.71 186.05 
1080.16 28.68 95.55 17.82 22.95 187.45 
1121.32 29.76 94.91 18.73 21.92 179.95 
1162.48 27.59 94.95 20.08 22.98 187.96 
1203.64 28.78 98.15 19.80 22.62 190.25 
1244.8 25.69 97.56 18.99 21.18 189.01 
1285.96 27.14 96.39 19.90 20.88 180.97 
1327.12 27.05 97.44 21.80 20.10 183.35 
1368.28 26.24 98.06 19.67 19.58 194.64 
1409.44 25.90 97.89 20.72 19.66 190.74 
1450.6 24.46 97.53 21.79 20.54 178.04 
1491.76 26.02 96.90 20.84 19.05 182.16 
1532.92 27.26 96.98 21.53 18.88 190.63 
1574.08 25.79 96.91 20.82 19.84 191.93 
1615.24 25.30 98.80 20.88 20.28 187.65 
1656.4 24.49 98.04 20.62 19.70 189.22 
1697.56 24.96 99.60 22.10 19.17 190.20 
1738.72 24.02 100.16 22.04 17.28 190.23 
1779.88 25.30 98.90 21.25 16.49 196.98 
1821.04 24.46 99.75 20.99 16.75 190.93 
1862.2 25.82 101.66 21.42 17.28 190.52 
1903.36 24.36 100.92 22.19 17.28 196.57 
1944.52 23.54 100.53 21.65 17.80 183.59 
1985.68 23.40 101.16 21.41 16.32 186.67 
2026.84 23.39 101.36 23.10 16.15 185.09 
2068 23.17 102.66 21.80 16.14 193.22 
2109.16 24.33 102.13 22.46 16.18 194.81 
2150.32 23.84 101.58 21.56 16.44 188.76 
2191.48 23.25 103.26 22.35 15.87 186.75 
2232.64 23.04 103.13 21.89 14.36 183.41 
2273.8 23.50 102.05 23.49 16.29 192.16 
2314.96 22.64 103.80 22.76 16.59 192.28 
2356.12 23.44 104.32 21.81 15.01 183.85 
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2397.28 21.40 103.84 22.53 14.13 183.47 
2438.44 21.79 103.74 22.72 14.71 183.81 
2479.6 22.57 103.74 22.80 13.83 187.88 
2520.76 21.85 105.14 21.94 13.40 191.64 
2561.92 22.20 104.61 22.49 14.80 183.59 
2603.08 21.54 105.61 21.83 13.76 184.91 
2644.24 21.27 104.55 21.52 14.09 186.05 
2685.4 22.12 107.34 23.49 14.32 187.10 
2726.56 19.69 105.41 22.40 12.92 179.82 
2767.72 21.45 105.99 23.25 12.86 186.36 
2808.88 20.72 107.00 20.95 11.22 186.00 
2850.04 20.14 106.52 23.82 12.40 181.79 
2891.2 21.68 105.53 22.79 12.38 191.34 
2932.36 20.84 106.82 23.47 11.73 182.03 
2973.52 20.67 107.73 21.77 11.26 183.90 
3014.68 22.53 108.07 23.60 11.43 187.25 
3055.84 22.38 106.39 24.19 12.83 194.22 
3097 19.24 107.34 22.55 10.59 186.84 
3138.16 18.44 108.18 22.03 11.05 189.06 
3179.32 20.64 108.07 21.83 11.23 185.70 
3220.48 19.64 109.42 23.06 10.91 192.77 
3261.64 19.61 108.89 23.96 11.48 183.57 
3302.8 18.47 108.63 23.86 11.16 182.50 
3343.96 19.51 108.71 22.96 10.87 190.67 
3385.12 19.93 109.98 23.12 9.77 192.61 
3426.28 18.26 108.12 22.12 9.99 186.55 
3467.44 20.35 110.09 21.88 12.37 175.59 
3508.6 20.04 109.57 21.87 10.10 190.22 
3549.76 20.65 109.41 22.12 9.60 191.28 
3590.92 19.98 110.45 22.15 9.66 193.72 
3632.08 19.46 111.48 21.34 9.92 192.86 
3673.24 20.28 109.62 22.30 9.48 194.55 
3714.4 19.10 110.32 21.06 9.24 191.76 
3755.56 17.94 108.34 21.60 10.40 195.82 
3796.72 18.91 112.62 22.05 10.05 192.32 
3837.88 18.59 110.00 23.68 10.96 194.67 
3879.04 18.00 110.04 22.72 7.90 196.72 
3920.2 19.29 112.62 22.23 8.54 180.43 
3961.36 17.95 111.09 22.92 8.42 190.26 
4002.52 18.36 111.41 22.17 8.32 190.26 
4043.68 17.77 110.41 24.06 8.40 175.63 
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Table 7.16. (cont.) 
4084.84 18.98 111.83 21.34 7.35 194.07 
 
 
Figure 7.9. Reaction progress vs. time for the combination of 4.4 with 4.7 at –10 ° C (Run 3). 
 
Table 7.17. Concentration data for experiment 7.3 (Run 3). 
time (s) [mM] ArBr [mM] CCP [mM] ArPdBr [mM] Complex 4.4 
10 7.64 6.40 0.15 5.88 
51.16 7.12 6.85 0.31 5.95 
92.32 7.13 7.60 1.20 6.16 
133.48 7.01 7.19 1.25 5.98 
174.64 6.42 7.08 1.36 5.53 
215.8 6.38 7.30 1.71 5.79 
256.96 6.35 7.27 1.54 6.24 
298.12 6.39 7.61 1.79 5.38 
339.28 6.16 7.30 1.72 5.21 
380.44 5.88 7.25 1.93 4.91 
421.6 5.92 7.42 2.26 4.92 
462.76 6.11 7.41 2.40 4.78 
503.92 5.86 7.38 2.42 4.76 
545.08 5.68 7.48 2.45 4.66 
586.24 5.58 7.53 2.31 4.63 
627.4 5.54 7.55 2.58 4.87 





















Table 7.17. (cont.) 
709.72 5.26 7.59 2.76 4.39 
750.879 5.34 7.67 2.66 4.17 
792.039 5.01 7.77 2.86 4.33 
833.199 5.13 7.58 2.88 3.97 
874.359 5.12 7.85 2.94 4.22 
915.519 5.30 7.96 3.18 4.06 
956.679 5.13 7.75 3.15 3.81 
997.839 5.27 7.91 3.08 3.82 
1039 5.10 7.94 3.20 3.77 
1080.16 5.26 8.49 3.62 3.90 
1121.32 5.18 8.15 3.45 4.00 
1162.48 4.75 7.81 2.91 3.48 
1203.64 4.83 7.95 3.28 3.63 
1244.8 5.00 7.96 3.25 3.69 
1285.96 4.92 8.41 3.63 4.11 
1327.12 4.31 7.43 3.22 3.29 
1368.28 4.68 8.32 3.57 3.63 
1409.44 4.47 7.75 3.34 3.23 
1450.6 4.51 8.05 3.44 3.43 
1491.76 4.42 8.03 3.59 3.20 
1532.92 4.54 8.49 3.78 3.51 
1574.08 4.41 8.26 3.62 3.30 
1615.24 4.18 8.02 3.77 3.14 
1656.4 4.62 8.80 3.65 3.70 
1697.56 4.32 8.40 3.66 3.49 
1738.72 4.21 8.37 3.67 3.26 
1779.88 4.21 8.34 3.66 3.17 
1821.04 4.18 8.25 3.62 3.48 
1862.2 4.53 8.57 4.07 3.24 
1903.36 4.19 8.65 3.98 3.15 
1944.52 4.03 8.31 3.71 2.86 
1985.68 4.07 8.49 3.80 3.01 
2026.84 4.01 8.35 3.95 2.94 
2068 4.12 8.63 3.98 3.13 
2109.16 3.96 8.21 3.67 2.65 
2150.32 3.67 8.55 4.01 2.73 
2191.48 4.19 8.73 3.72 2.82 
2232.64 4.12 8.63 3.91 2.93 
2273.8 4.03 8.79 3.63 2.84 
2314.96 3.85 8.65 4.11 2.68 
2356.12 3.83 8.69 3.82 2.72 
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2397.28 3.74 8.76 4.04 2.54 
2438.44 3.64 8.56 3.99 2.76 
2479.6 4.06 8.98 4.26 2.72 
2520.76 3.75 8.77 3.90 2.75 
2561.92 3.61 8.79 4.10 2.59 
2603.08 3.62 8.82 4.08 2.20 
2644.24 3.74 8.91 4.00 2.29 
2685.4 3.69 9.03 4.11 2.47 
2726.56 3.70 9.03 4.04 2.50 
2767.72 3.74 8.75 4.27 2.17 
2808.88 3.72 8.94 3.73 2.05 
2850.04 3.84 9.11 4.08 2.19 
2891.2 3.61 8.74 3.90 2.06 
2932.36 3.64 8.85 3.91 2.06 
2973.52 3.56 9.09 4.19 2.05 
3014.68 3.77 8.86 4.10 2.10 
3055.84 3.99 9.28 4.38 2.08 
3097 3.51 8.80 4.03 2.00 
3138.16 3.54 9.02 4.14 1.82 
3179.32 3.58 9.19 4.06 1.98 
3220.48 3.30 8.84 4.09 1.91 
3261.64 3.34 8.91 3.78 1.73 
3302.8 3.52 9.05 4.18 1.90 
3343.96 3.70 9.16 3.77 1.67 
3385.12 3.56 9.05 4.09 1.88 
3426.28 3.57 9.49 4.42 1.79 
3467.44 3.47 9.41 4.28 1.57 
3508.6 3.51 8.99 3.86 1.59 
3549.76 3.38 9.59 4.29 1.55 
3590.92 3.36 8.98 4.00 1.65 
3632.08 3.53 9.23 4.07 1.52 
3673.24 3.69 9.39 4.12 1.40 
3714.4 3.44 9.20 3.99 1.55 
3755.56 3.41 9.47 4.11 1.52 
3796.72 3.46 9.37 4.27 1.69 
3837.88 3.33 9.36 4.09 1.67 
3879.04 3.39 9.45 4.16 1.57 
3920.2 3.27 9.09 3.82 1.45 
3961.36 3.53 9.84 4.06 1.51 
4002.52 3.18 9.05 4.11 1.32 
4043.68 3.27 8.95 4.11 1.22 
4084.84 3.35 9.01 3.91 1.76 
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10 52.40 87.83 1.00 40.31 228.63 
51.16 44.37 85.37 1.95 37.10 207.81 
92.32 39.77 84.78 6.70 34.33 185.88 
133.48 40.13 82.23 7.18 34.24 190.71 
174.64 38.41 84.79 8.13 33.11 199.57 
215.8 37.25 85.22 10.00 33.83 194.61 
256.96 37.47 85.85 9.07 36.85 196.75 
298.12 36.49 87.00 10.24 30.73 190.46 
339.28 36.75 87.07 10.24 31.07 198.89 
380.44 35.44 87.43 11.61 29.63 201.06 
421.6 35.20 88.30 13.44 29.26 198.31 
462.76 36.14 87.77 14.21 28.31 197.28 
503.92 35.07 88.35 14.46 28.50 199.54 
545.08 34.10 89.80 14.72 27.99 200.05 
586.24 33.65 90.74 13.93 27.87 200.83 
627.4 32.60 88.97 15.18 28.67 196.30 
668.56 32.57 94.25 15.02 27.17 200.15 
709.72 31.45 90.72 16.48 26.23 199.28 
750.879 31.68 91.05 15.77 24.72 197.77 
792.039 29.48 91.34 16.84 25.45 195.99 
833.199 30.92 91.31 17.33 23.94 200.87 
874.359 30.06 92.24 17.25 24.80 195.74 
915.519 31.39 94.24 18.84 24.02 197.40 
956.679 30.76 92.93 18.93 22.84 199.98 
997.839 31.69 95.17 18.51 23.00 200.55 
1039 29.62 92.21 18.56 21.91 193.56 
1080.16 28.98 93.50 19.92 21.49 183.53 
1121.32 29.71 93.56 19.79 22.96 191.25 
1162.48 28.62 94.07 17.54 20.96 200.77 
1203.64 28.94 95.32 19.68 21.79 199.80 
1244.8 29.90 95.25 19.47 22.10 199.45 
1285.96 27.82 95.11 20.53 23.26 188.45 
1327.12 27.41 94.33 20.44 20.92 211.72 
1368.28 27.09 96.34 20.66 21.02 193.09 
1409.44 27.67 95.86 20.68 20.00 206.15 
1450.6 26.82 95.76 20.45 20.37 198.17 
1491.76 26.83 97.37 21.79 19.44 202.20 
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1532.92 26.30 98.26 21.88 20.34 192.89 
1574.08 26.21 98.11 21.48 19.59 197.97 
1615.24 25.35 97.41 22.91 19.08 202.36 
1656.4 26.03 99.16 20.59 20.84 187.87 
1697.56 25.88 100.57 21.90 20.87 199.54 
1738.72 24.90 98.88 21.71 19.28 196.98 
1779.88 24.83 98.52 21.63 18.71 196.78 
1821.04 24.80 97.99 21.49 20.67 198.00 
1862.2 26.31 99.63 23.67 18.82 193.73 
1903.36 24.65 101.78 23.41 18.52 196.15 
1944.52 24.50 101.03 22.52 17.41 202.58 
1985.68 24.61 102.78 22.97 18.23 201.75 
2026.84 24.25 100.92 23.87 17.77 201.36 
2068 23.96 100.45 23.18 18.21 193.95 
2109.16 24.33 100.95 22.56 16.30 204.82 
2150.32 21.87 101.91 23.94 16.30 198.72 
2191.48 24.54 102.26 21.81 16.48 195.17 
2232.64 24.38 102.13 23.14 17.31 197.21 
2273.8 23.91 104.31 21.52 16.85 197.83 
2314.96 23.11 103.71 24.64 16.05 199.94 
2356.12 22.51 102.26 22.46 15.98 196.10 
2397.28 21.98 102.97 23.75 14.91 195.89 
2438.44 21.78 102.58 23.90 16.52 199.73 
2479.6 23.40 103.58 24.58 15.69 192.21 
2520.76 22.01 102.94 22.91 16.15 195.73 
2561.92 21.73 105.85 24.65 15.58 200.61 
2603.08 21.63 105.23 24.33 13.16 198.96 
2644.24 21.68 103.42 23.21 13.31 193.36 
2685.4 21.60 105.73 24.03 14.46 195.11 
2726.56 21.37 104.26 23.33 14.44 192.42 
2767.72 22.25 104.02 25.38 12.93 198.15 
2808.88 21.88 105.16 21.93 12.07 196.00 
2850.04 22.26 105.58 23.66 12.67 193.26 
2891.2 21.81 105.64 23.58 12.45 201.47 
2932.36 21.83 106.24 23.44 12.36 200.00 
2973.52 20.90 106.79 24.63 12.07 195.85 
3014.68 22.57 106.06 24.53 12.59 199.45 
3055.84 22.83 106.29 25.09 11.92 190.84 
3097 21.11 105.96 24.29 12.02 200.67 
3138.16 21.16 107.80 24.72 10.91 199.23 
3179.32 20.58 105.70 23.33 11.38 191.69 
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3220.48 19.98 107.01 24.73 11.55 201.67 
3261.64 20.10 107.27 22.76 10.45 200.71 
3302.8 20.96 107.77 24.88 11.29 198.40 
3343.96 21.77 107.81 22.16 9.83 196.09 
3385.12 20.96 106.53 24.06 11.09 196.20 
3426.28 20.98 111.56 26.00 10.52 195.98 
3467.44 20.08 109.00 24.75 9.07 192.99 
3508.6 21.32 109.08 23.42 9.65 202.28 
3549.76 19.60 111.21 24.90 8.99 193.32 
3590.92 20.25 108.11 24.09 9.90 200.67 
3632.08 20.79 108.52 23.92 8.93 196.05 
3673.24 21.59 109.70 24.08 8.19 194.79 
3714.4 20.65 110.28 23.92 9.28 199.89 
3755.56 19.71 109.55 23.75 8.81 192.71 
3796.72 20.45 110.55 25.17 9.99 196.70 
3837.88 19.60 110.09 24.08 9.85 196.14 
3879.04 19.81 110.35 24.26 9.17 194.57 
3920.2 20.08 111.53 23.42 8.88 204.48 
3961.36 19.78 110.16 22.70 8.45 186.57 
4002.52 19.23 109.33 24.85 7.96 201.34 
4043.68 19.99 109.25 25.08 7.47 203.55 
4084.84 20.46 110.02 23.84 10.73 203.48 
 
Experiment 7.4: Path B Reaction Between Pd-OTMS 4.11 and Boronic Ester 4.10. 
 
In a glovebox, an oven-dried, 2-mL, volumetric flask received 24.1mg (50 µmol) of 4-
fluorophenylpalladium(tri-tert-butylphosphine) bromide (4.2). To the volumetric flask containing 
4.2 was added 1 mL of THF-d8, and the solids were dissolved by gentle swirling. 5 uL of 1,2-
difluorobenzene (50 µmol) was added using a 25-µL Hamilton syringe, and THF-d8 was added to 
the line to generate 2.0 mL of a THF solution containing arylpalladium bromide 4.2 (25 mM) and 
1,2-difluorobenzene (25 mM). The solution was transferred by pipette into a 20-mL scintillation 
vial. The use of THF-d8 is essential for this experiment, as the Pd-OTMS complex 4.11 reacts with 









































In a glovebox, an oven-dried, 1-mL, volumetric flask received 25.7 mg (0.20 mmol) of 
TMSOK, and the TMSOK was dissolved in 0.5 mL of THF-d8 by gentle swirling. The solution 
was diluted to the line with THF to generate 1.0 mL of a THF-d8 solution containing TMSOK 
(200 mM). The solution was transferred by pipette into a 20-mL scintillation vial and capped with 
a septum cap. 
In a glovebox, an oven-dried, 1-mL, volumetric flask received 65.2 mg (0.20 mmol) of 3,5-
bistrifluoromethylphenyl boronic ester (4.10), and the boronic ester was dissolved in 5 mL of THF-
d8 by gentle swirling. The solution was diluted to the line with THF-d8 to generate 1.0 mL of a 
THF-d8 solution containing boronic ester 4.10 (200 mM). The solution was transferred by pipette 
into a 20-mL scintillation vial and capped with a septum cap. 
In a glovebox, 400 µL of arylpalladium bromide/1,2-difluorobenzene solution (25 mM in 
THF-d8) was dispensed into an oven-dried, 5-mm, NMR tube using a 500 µL Hamilton syringe. 
Next, 100 µL of THF-d8 was added using a 250 µL Hamilton syringe. The NMR tube was then 
capped using a rubber septum cap. This procedure was repeated three additional times, to generate 
four NMR tubes each containing 400 µL of solution. 
All materials were removed from the glovebox, and the five 5-mm NMR tubes were 
immediately placed into a –78 °C dry ice/acetone bath.  
Next, a 600-MHz NMR magnet was cooled to –40 °C and the bore was placed under a 
nitrogen atmosphere. The software was set to record 70 FIDs of 4 transients each, with a 5 second 
relaxation delay, such that a spectrum was collected every 20 seconds. 
To a 5-mm NMR tube held in a –78 °C dry ice/acetone bath containing 400 uL of a THF-
d8 solution of arylpalladium bromide 4.2 and 1,2-difluorobenzene was added 50 uL of a 200 mM 
THF-d8 solution of TMSOK slowly over 10 seconds using a 250 uL Hamilton syringe equipped 
with a 10 inch needle. The sample was added to the –40 °C NMR magnet and annealed for 5 
minutes, then replaced into the –78 °C dry ice/acetone bath. Next, 50 uL of a 200 mM THF-d8 
solution of boronic ester 4.10 was added slowly over 10 seconds using a 250 uL Hamilton syringe 
equipped with a 10-inch needle. After waiting 10 seconds for the sample to cool to –78 °C the 
sample was mixed by holding on a vortexer for 5 seconds, cooling at –78 °C for 5 seconds, 
vortexing for 5 seconds, cooling at –78 °C for 8 seconds, then vortexting for 8 seconds. The NMR 
tube was removed from the dry ice/acetone bath, wiped once with a kimwipe, placed in an NMR 
spinner, and lowered into the NMR magnet, at which time acquisition began. The time between 
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removal of the NMR tube from the bath and acquisition beginning was minimal, as a second 
researcher was present to insert the sample as soon as it was placed in the bore. This process was 




Figure 7.10. Reaction progress vs. time for the combination of 4.11 with 4.10 at –40 ° C (Run 1). 
 
Table 7.19. Concentration data for experiment 7.4 (Run 1). 
time (s) [mM] 8-B-4 [mM] CCP [mM] Complex 4.12 [mM] Complex 4.4 
5 7.61 5.07 11.84 1.45 
26.16 6.66 4.44 10.70 2.70 
47.32 6.64 4.42 8.98 3.53 
68.48 6.34 4.22 7.55 4.06 
89.64 6.49 4.33 7.15 4.60 
110.8 6.53 4.36 6.34 4.80 
131.96 6.83 4.56 5.46 5.18 
153.12 7.10 4.73 4.95 5.42 
174.28 7.24 4.83 4.55 5.58 
195.44 7.37 4.91 4.62 5.77 
216.6 7.09 4.72 4.26 5.75 
237.76 7.30 4.86 4.12 5.87 






















Table 7.19. (cont.) 
280.08 7.23 4.82 4.15 5.82 
301.24 7.20 4.80 4.47 5.99 
322.4 7.22 4.81 4.35 6.04 
343.56 7.22 4.81 3.78 6.01 
364.72 7.16 4.77 3.64 6.44 
385.88 7.09 4.73 3.92 5.49 
407.04 7.22 4.81 2.97 5.70 
428.2 7.30 4.87 2.94 5.86 
449.36 7.35 4.90 3.30 6.36 
470.52 7.36 4.90 3.00 6.40 
491.68 7.31 4.87 2.93 5.93 
512.84 7.32 4.88 2.98 6.02 
534 7.49 4.99 2.84 6.31 
555.16 7.28 4.85 2.59 6.25 
576.32 7.54 5.02 2.71 5.97 
597.48 7.56 5.04 2.58 6.19 
618.64 7.41 4.94 2.44 6.19 
639.8 7.43 4.95 2.50 6.13 
660.96 7.38 4.92 2.71 5.79 
682.12 7.44 4.96 2.53 5.98 
703.28 7.38 4.92 2.51 6.21 
724.44 7.44 4.96 2.04 6.20 
745.6 7.34 4.89 2.60 6.57 
766.76 7.48 4.98 2.46 5.87 
787.92 7.42 4.95 2.22 6.21 
809.08 7.41 4.94 2.10 6.24 
830.24 7.38 4.92 2.53 6.16 
851.4 7.38 4.92 1.96 5.96 
872.56 7.43 4.95 1.91 6.10 
893.72 7.62 5.08 2.09 6.30 
914.88 7.61 5.07 1.93 6.11 
936.04 7.52 5.01 1.66 6.22 
957.2 7.33 4.89 2.23 6.13 
978.36 7.54 5.02 2.10 5.91 
999.52 7.50 5.00 1.92 5.92 
1020.68 7.48 4.98 1.92 6.19 
1041.84 7.49 4.99 1.73 5.90 
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5 69.80 65.61 17.03 2.09 71.88 
26.16 59.25 51.73 13.85 3.50 64.71 
47.32 56.68 49.06 11.06 4.35 61.60 
68.48 52.65 45.94 9.12 4.91 60.43 
89.64 51.38 45.95 8.43 5.43 59.02 
110.8 51.50 46.20 7.47 5.66 58.92 
131.96 53.22 48.78 6.50 6.16 59.48 
153.12 53.45 50.16 5.83 6.39 58.92 
174.28 55.61 51.68 5.41 6.64 59.48 
195.44 55.05 51.97 5.44 6.79 58.80 
216.6 53.69 50.75 5.08 6.87 59.68 
237.76 53.36 51.40 4.84 6.89 58.71 
258.92 53.17 50.85 4.85 7.23 58.34 
280.08 53.18 50.47 4.84 6.77 58.19 
301.24 53.58 51.27 5.31 7.12 59.38 
322.4 53.09 50.53 5.08 7.05 58.36 
343.56 52.57 50.43 4.40 6.99 58.20 
364.72 52.12 49.95 4.23 7.49 58.13 
385.88 53.08 51.11 4.71 6.59 60.05 
407.04 53.33 51.81 3.56 6.82 59.82 
428.2 53.11 51.41 3.45 6.87 58.69 
449.36 53.20 51.08 3.82 7.37 57.92 
470.52 53.52 52.16 3.55 7.56 59.09 
491.68 52.74 51.55 3.44 6.96 58.76 
512.84 52.19 51.07 3.47 7.00 58.17 
534 53.23 52.29 3.31 7.34 58.19 
555.16 52.35 50.82 3.01 7.27 58.16 
576.32 53.22 52.25 3.13 6.90 57.78 
597.48 53.17 52.20 2.97 7.13 57.55 
618.64 51.98 51.43 2.82 7.16 57.84 
639.8 52.30 51.52 2.89 7.09 57.81 
660.96 52.06 51.71 3.16 6.77 58.41 
682.12 52.70 52.01 2.94 6.96 58.23 
703.28 51.71 51.61 2.92 7.24 58.25 
724.44 52.83 51.87 2.37 7.21 58.11 
745.6 51.42 50.90 3.01 7.59 57.77 
766.76 51.71 51.34 2.82 6.72 57.21 
 580 
Table 7.20. (cont.) 
787.92 51.07 51.42 2.56 7.17 57.71 
809.08 51.73 51.72 2.44 7.26 58.16 
830.24 50.98 51.22 2.92 7.13 57.86 
851.4 51.26 51.80 2.30 6.98 58.50 
872.56 51.33 51.87 2.23 7.10 58.16 
893.72 51.20 52.27 2.39 7.20 57.16 
914.88 51.36 52.45 2.21 7.02 57.44 
936.04 51.69 52.21 1.92 7.20 57.89 
957.2 50.95 50.98 2.59 7.11 57.96 
978.36 51.65 52.36 2.43 6.84 57.88 
999.52 50.96 52.03 2.22 6.85 57.80 
1020.68 51.35 51.82 2.22 7.16 57.76 
1041.84 51.26 52.37 2.02 6.87 58.30 
 
 
Figure 7.11. Reaction progress vs. time for the combination of 4.10 with 4.11 at –40 ° C (Run 2). 
 
Table 7.21. Concentration data for experiment 7.4 (Run 2). 
time (s) [mM] 8-B-4 [mM] CCP [mM] Complex 4.12 [mM] Complex 4.4 
5 8.04 5.36 10.99 0.84 
26.16 7.76 5.18 9.20 2.06 
47.32 8.14 5.43 6.93 3.91 





















Table 7.21. (cont.) 
89.64 8.42 5.62 4.63 5.58 
110.8 8.43 5.62 3.67 5.40 
131.96 8.21 5.47 3.15 5.39 
153.12 8.45 5.63 3.18 5.64 
174.28 8.39 5.59 2.78 6.32 
195.44 8.44 5.63 2.94 6.05 
216.6 8.40 5.60 2.40 5.97 
237.76 8.52 5.68 2.43 6.45 
258.92 8.38 5.59 2.49 6.06 
280.08 8.40 5.60 2.48 5.94 
301.24 8.32 5.55 2.30 6.11 
322.4 8.50 5.67 2.10 6.24 
343.56 8.31 5.54 2.09 6.50 
364.72 8.39 5.60 2.12 6.27 
385.88 8.39 5.59 1.84 6.10 
407.04 8.35 5.57 1.99 6.15 
428.2 8.25 5.50 1.75 6.37 
449.36 8.23 5.49 2.00 6.43 
470.52 8.39 5.59 2.22 6.41 
491.68 8.42 5.61 1.75 6.32 
512.84 8.24 5.50 1.71 6.45 
534 8.29 5.52 1.71 6.44 
555.16 8.35 5.56 1.57 6.40 
576.32 8.33 5.55 1.62 6.20 
597.48 8.35 5.57 2.13 6.45 
618.64 8.36 5.58 2.01 6.52 
639.8 8.39 5.59 1.62 6.48 
660.96 8.33 5.55 2.11 6.61 
682.12 8.47 5.65 1.92 6.31 
703.28 8.31 5.54 1.78 6.16 
724.44 8.21 5.47 1.61 6.37 
745.6 8.18 5.45 1.56 6.67 
766.76 8.33 5.56 2.05 6.59 
787.92 8.37 5.58 1.66 6.62 
809.08 8.33 5.56 1.92 6.03 
830.24 8.25 5.50 1.51 6.12 
851.4 8.37 5.58 1.49 6.40 
872.56 8.47 5.65 1.79 6.52 
893.72 8.31 5.54 1.87 6.52 
914.88 8.26 5.51 1.73 6.45 
936.04 8.32 5.54 1.53 6.23 
 582 
Table 7.21. (cont.) 
957.2 8.28 5.52 1.89 6.43 
978.36 8.12 5.41 1.47 5.99 
999.52 8.31 5.54 1.28 6.35 
1020.68 8.28 5.52 1.75 6.69 
1041.84 8.28 5.52 1.47 6.46 
 

















5 62.98 69.68 15.88 1.21 72.23 
26.16 55.98 60.29 11.90 2.67 64.73 
47.32 54.78 59.16 8.39 4.74 60.56 
68.48 53.11 58.66 6.07 5.51 57.81 
89.64 52.17 58.73 5.38 6.49 58.09 
110.8 51.43 58.63 4.25 6.27 57.96 
131.96 50.56 57.67 3.69 6.31 58.57 
153.12 50.43 57.84 3.63 6.44 57.06 
174.28 49.91 57.22 3.16 7.18 56.85 
195.44 50.50 57.96 3.37 6.92 57.19 
216.6 50.25 57.40 2.73 6.81 56.95 
237.76 50.28 57.17 2.72 7.22 55.91 
258.92 49.72 57.43 2.85 6.92 57.10 
280.08 49.19 56.81 2.80 6.70 56.34 
301.24 49.48 57.23 2.64 7.01 57.32 
322.4 49.63 57.63 2.37 7.05 56.49 
343.56 48.85 56.87 2.38 7.42 57.05 
364.72 49.82 57.49 2.42 7.16 57.08 
385.88 49.58 57.49 2.10 6.97 57.10 
407.04 49.32 57.02 2.26 7.01 56.91 
428.2 48.45 56.39 1.99 7.26 56.95 
449.36 48.39 56.58 2.29 7.36 57.27 
470.52 48.55 56.40 2.48 7.18 56.02 
491.68 47.96 56.63 1.96 7.08 56.07 
512.84 49.01 56.68 1.96 7.39 57.29 
534 49.31 56.83 1.95 7.36 57.15 
555.16 48.86 56.43 1.77 7.21 56.33 
576.32 49.06 57.12 1.85 7.09 57.14 
597.48 48.84 56.61 2.41 7.29 56.50 
618.64 48.27 56.69 2.27 7.37 56.49 
 583 
Table 7.22. (cont.) 
639.8 48.48 57.15 1.84 7.36 56.75 
660.96 48.33 56.73 2.40 7.50 56.79 
682.12 48.96 57.43 2.17 7.13 56.49 
703.28 48.94 57.13 2.04 7.06 57.29 
724.44 47.82 56.97 1.86 7.37 57.85 
745.6 47.77 56.43 1.80 7.67 57.51 
766.76 48.92 57.31 2.35 7.55 57.31 
787.92 48.81 57.41 1.89 7.58 57.19 
809.08 48.98 57.39 2.20 6.92 57.39 
830.24 48.38 57.02 1.74 7.05 57.57 
851.4 48.07 57.15 1.70 7.29 56.92 
872.56 48.24 57.62 2.03 7.39 56.69 
893.72 48.78 57.44 2.16 7.51 57.60 
914.88 48.34 57.22 1.99 7.45 57.71 
936.04 48.28 57.40 1.76 7.16 57.52 
957.2 48.63 57.23 2.18 7.41 57.61 
978.36 47.48 57.01 1.72 7.01 58.50 
999.52 48.17 57.22 1.46 7.30 57.41 
1020.68 47.74 56.95 2.00 7.66 57.29 
1041.84 48.05 57.34 1.70 7.45 57.69 
 
 















Reaction between Pd-OTMS 4.11 and boronic ester 4.10 







Table 7.23. Concentration data for experiment 7.4 (Run 3). 
time (s) [mM] 8-B-4 [mM] CCP [mM] Complex 4.12 [mM] Complex 4.4 
5 6.72 4.48 10.85 0.98 
26.16 7.42 4.95 9.08 2.17 
47.32 7.75 5.17 6.66 4.19 
68.48 7.93 5.29 4.82 4.55 
89.64 8.06 5.37 3.96 5.01 
110.8 8.47 5.65 2.83 5.60 
131.96 8.48 5.66 2.79 5.86 
153.12 8.53 5.69 2.25 5.88 
174.28 8.37 5.58 1.81 5.98 
195.44 8.65 5.77 1.46 6.48 
216.6 8.54 5.70 1.04 6.30 
237.76 8.68 5.79 0.76 6.37 
258.92 8.66 5.78 0.93 6.60 
280.08 8.63 5.75 0.86 6.36 
301.24 8.49 5.66 0.70 6.19 
322.4 8.75 5.83 0.70 6.42 
343.56 8.60 5.73 0.50 6.48 
364.72 8.84 5.89 0.62 6.35 
385.88 8.74 5.83 0.38 6.50 
407.04 8.75 5.83 0.34 6.32 
428.2 8.65 5.77 0.03 6.68 
449.36 8.96 5.97 0.09 6.56 
470.52 8.64 5.76 0.04 6.55 
491.68 8.96 5.97 0.10 6.92 
512.84 8.86 5.91 0.09 6.43 
534 8.72 5.81 0.28 6.42 
555.16 8.72 5.82 0.29 6.52 
576.32 8.63 5.76 0.04 6.64 
597.48 8.92 5.94 0.25 6.60 
618.64 8.94 5.96 0.05 6.91 
639.8 8.65 5.77 -0.12 6.63 
660.96 8.91 5.94 0.06 6.50 
682.12 9.03 6.02 0.16 6.63 
703.28 8.95 5.97 0.11 6.39 
724.44 8.86 5.91 0.11 6.28 
745.6 8.83 5.89 0.09 6.93 
766.76 8.93 5.96 -0.06 6.46 
787.92 8.96 5.98 0.18 6.71 
809.08 9.02 6.01 -0.17 6.52 
 585 
Table 7.23. (cont.) 
830.24 8.93 5.95 -0.17 6.59 
851.4 8.94 5.96 0.00 6.17 
872.56 8.99 5.99 0.12 6.55 
893.72 9.02 6.01 0.27 6.50 
914.88 8.91 5.94 0.06 6.57 
936.04 8.97 5.98 0.03 6.76 
957.2 8.92 5.95 -0.12 6.47 
978.36 8.82 5.88 0.19 6.41 
999.52 8.78 5.86 0.22 6.73 
1020.68 8.87 5.91 0.17 6.50 
1041.84 8.96 5.97 0.05 6.57 
 

















5 62.73 58.65 15.79 1.42 72.75 
26.16 56.10 58.48 11.93 2.85 65.69 
47.32 52.67 57.06 8.16 5.14 61.33 
68.48 50.27 57.32 5.81 5.48 60.24 
89.64 49.40 57.66 4.73 5.97 59.60 
110.8 49.37 58.45 3.26 6.44 57.48 
131.96 49.63 58.41 3.20 6.72 57.38 
153.12 48.36 58.52 2.57 6.72 57.18 
174.28 49.85 59.48 2.14 7.08 59.19 
195.44 49.53 59.93 1.68 7.48 57.72 
216.6 49.62 60.17 1.22 7.40 58.68 
237.76 49.40 59.82 0.87 7.32 57.44 
258.92 49.41 60.00 1.07 7.62 57.71 
280.08 49.00 60.23 1.00 7.40 58.15 
301.24 50.11 60.50 0.83 7.35 59.38 
322.4 48.62 60.20 0.81 7.36 57.34 
343.56 49.33 60.17 0.59 7.56 58.32 
364.72 49.90 60.51 0.71 7.25 57.06 
385.88 49.68 60.87 0.45 7.54 58.01 
407.04 48.74 60.52 0.40 7.29 57.65 
428.2 48.34 59.71 0.03 7.68 57.53 
449.36 49.74 61.73 0.11 7.53 57.44 
470.52 49.41 61.18 0.05 7.73 58.99 
491.68 49.39 61.28 0.11 7.88 56.98 
 586 
Table 7.24. (cont.) 
512.84 49.54 61.39 0.10 7.42 57.73 
534 48.97 61.30 0.33 7.52 58.59 
555.16 48.76 61.51 0.34 7.67 58.76 
576.32 48.93 61.36 0.05 7.87 59.23 
597.48 47.67 61.05 0.29 7.53 57.06 
618.64 48.88 61.36 0.06 7.90 57.19 
639.8 48.46 61.27 -0.14 7.83 59.04 
660.96 48.27 61.48 0.07 7.48 57.52 
682.12 48.64 61.75 0.18 7.56 56.99 
703.28 48.65 61.50 0.12 7.32 57.26 
724.44 48.20 61.75 0.12 7.30 58.08 
745.6 47.34 61.59 0.10 8.06 58.11 
766.76 48.05 61.52 -0.07 7.42 57.39 
787.92 48.77 62.08 0.21 7.75 57.71 
809.08 47.93 62.11 -0.19 7.48 57.41 
830.24 48.16 61.86 -0.20 7.61 57.72 
851.4 48.27 62.04 0.00 7.13 57.81 
872.56 47.57 61.70 0.14 7.49 57.20 
893.72 47.65 62.36 0.31 7.49 57.60 
914.88 48.20 62.37 0.07 7.66 58.34 
936.04 48.16 62.14 0.04 7.80 57.71 
957.2 47.89 62.27 -0.14 7.53 58.17 
978.36 46.20 61.32 0.22 7.43 57.95 
999.52 48.25 62.53 0.26 7.98 59.32 
1020.68 48.12 62.54 0.20 7.64 58.77 




Experiment 7.5: Determination of Partial Reaction Order in Aryl Bromide 4.9. 
 
 
In a glovebox, an oven-dried, 2-mL, volumetric flask was charged with 24.2 mg (50.0 
µmol) of arylpalladium bromide catalyst 4.2 and 913 mg (2.80 mmol) of neopentyl 3,5-bis-
trifluoromethylphenylboronic ester (4.10). A second oven-dried, 2-mL, volumetric flask was 
charged with 256 mg (2.00 mmol) of potassium trimethylsilanolate. Finally, an oven-dried, 5-mL 
flask was charged with 824 uL of 4-fluorobromobenzene using a 1-mL Hamilton syringe. 
Sufficient THF was added to each volumetric to dissolve all solids, then each was diluted to the 
line to create three solutions: a THF solution of Pd catalyst 4.2 (25 mM) and arylboronic ester 4.10 
(1.40 M), a THF solution of aryl bromide (1.50 M), and a THF solution of TMSOK (1.00M). Each 
was transferred by pipette into three separate 20-mL scintiliation vials, which were capped with 
septum caps. A fourth 20-mL scintillation vial was charged with 8 mL of THF, and capped with a 
septum cap. Finally, 18 oven-dried, 5-mm NMR tubes were capped with rubber septa. All items 
were removed from the glovebox. Of those tubes, 15 were used, and three held as backup in the 
event of an error during data collection. 
Into each NMR tube was dispensed 100 µL of the 25 mM catalyst 4.2 and 1.40 M boronic 
ester 4.10 solution using a 250 µL Hamilton syringe. The NMR tubes were charged with reagents 
in sets of three (5 x 3 NMR tubes) according to the following table: 
Table 7.25. Preparation of samples for Experiment 7.5. 
 1.50 M 4.9 in THF THF 
A (0.125 M aryl bromide) 50 µL 350 µL 
B (0.250 M aryl bromide) 100 µL 300 µL 
C (0.500 M aryl bromide) 200 µL 200 µL 
D (0.750 M aryl bromide) 300 µL 100 µL 






















0.125 - 1.00 M 0.067 M 0.167 M
0.004 M
0.083 M






Once prepared, all 5 mm NMR tubes were cooled to –78 °C using a dry ice/acetone bath. The 
probe of a 600 MHz NMR was cooled to –25 °C, and the software was set to record 35 FIDs, each 
with one transient and a relaxation delay of 10 seconds.  
Finally, prior to data acquisition a sample was charged at –78 °C (dry ice/acetone) with  
100 µL of the 1.00 M solution of TMSOK in THF (0.100 mmol) using a 250 uL Hamilton syringe 
equipped with a 10-inch needle. After waiting 10 seconds for the sample to cool to –78 °C the 
sample was mixed by holding on a vortexer for 5 seconds, cooling at –78 °C for 5 seconds, 
vortexing for 5 seconds, cooling at –78 °C for 8 seconds, then vortexting for 8 seconds. The NMR 
tube was removed from the dry ice/acetone bath, wiped once with a kimwipe, placed in an NMR 
spinner, and lowered into the NMR magnet, at which time acquisition began. The time between 
removal of the NMR tube from the bath and acquisition beginning was minimal, as a second 
researcher was present to insert the sample as soon as it was placed in the bore. This process was 
repeated for each of the 15 tubes described in table 7.25. 
The initial rate at each concentration was determined as the average of the instantaneous 
rate between 100 and 200 s, measured as the change in concentration of product. Product 





Figure 7.13. Partial reaction order in aryl bromide 4.9 – A1. 
 
Table 7.26. Concentration data for experiment 7.5 (A1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1611 0.0835 0.0025 0.1330 
20.29 0.1654 0.0833 0.0028 0.1327 
30.58 0.1719 0.0859 0.0038 0.1330 
40.87 0.1709 0.0868 0.0043 0.1303 
51.16 0.1706 0.0872 0.0049 0.1303 
61.45 0.1700 0.0856 0.0055 0.1286 
71.74 0.1697 0.0874 0.0062 0.1267 
82.03 0.1678 0.0857 0.0064 0.1266 
92.32 0.1685 0.0868 0.0070 0.1268 
102.61 0.1677 0.0870 0.0072 0.1254 
112.9 0.1666 0.0872 0.0080 0.1238 
123.19 0.1661 0.0873 0.0085 0.1248 
133.48 0.1650 0.0870 0.0087 0.1235 
143.77 0.1659 0.0882 0.0094 0.1234 
154.06 0.1657 0.0894 0.0096 0.1229 
164.35 0.1643 0.0890 0.0100 0.1231 
174.64 0.1621 0.0877 0.0108 0.1208 



















Partial Reaction Order in Aryl Bromide 4.9 - A1
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 590 
Table 7.26. (cont.) 
184.93 0.1646 0.0900 0.0110 0.1225 
195.22 0.1615 0.0887 0.0118 0.1199 
205.51 0.1632 0.0902 0.0119 0.1217 
215.8 0.1626 0.0909 0.0124 0.1206 
226.09 0.1624 0.0911 0.0127 0.1200 
236.38 0.1603 0.0904 0.0131 0.1186 
246.67 0.1603 0.0911 0.0137 0.1187 
256.96 0.1598 0.0909 0.0135 0.1194 
267.25 0.1602 0.0918 0.0145 0.1180 
277.54 0.1591 0.0916 0.0150 0.1186 
287.83 0.1588 0.0921 0.0150 0.1167 
298.12 0.1573 0.0913 0.0152 0.1163 
308.41 0.1588 0.0931 0.0162 0.1179 
318.7 0.1574 0.0928 0.0162 0.1163 
328.99 0.1572 0.0932 0.0164 0.1159 
339.28 0.1578 0.0939 0.0168 0.1154 
349.57 0.1587 0.0949 0.0178 0.1165 
359.86 0.1583 0.0952 0.0179 0.1155 
 
 












10 1419.77 735.73 3.66 195.37 243.88 
20.29 1395.48 703.18 3.93 186.66 233.45 
30.58 1376.85 687.86 5.05 177.58 221.66 
40.87 1347.12 683.98 5.67 171.19 218.12 
51.16 1329.85 679.60 6.31 169.31 215.71 
61.45 1312.25 660.64 7.02 165.48 213.63 
71.74 1298.51 668.92 7.89 161.55 211.64 
82.03 1288.39 657.64 8.24 161.92 212.37 
92.32 1286.85 663.19 8.89 161.31 211.26 
102.61 1281.27 665.07 9.17 159.65 211.41 
112.9 1275.86 667.58 10.15 158.05 211.84 
123.19 1271.06 667.55 10.79 159.11 211.67 
133.48 1260.09 664.44 11.10 157.28 211.35 
143.77 1255.06 667.67 11.92 155.64 209.36 
154.06 1253.34 676.36 12.08 154.95 209.23 
164.35 1250.87 677.61 12.74 156.17 210.64 
174.64 1245.64 674.16 13.88 154.73 212.59 
184.93 1245.53 681.16 13.84 154.45 209.32 
 591 
Table 7.27. (cont.) 
195.22 1244.02 683.05 15.10 153.92 213.13 
205.51 1240.33 685.38 15.07 154.16 210.28 
215.8 1239.31 693.07 15.78 153.24 210.92 
226.09 1234.76 692.27 16.05 152.07 210.34 
236.38 1233.24 695.20 16.86 152.08 212.80 
246.67 1226.39 696.92 17.52 151.35 211.66 
256.96 1225.66 697.47 17.25 152.62 212.17 
267.25 1223.90 701.16 18.48 150.25 211.43 
277.54 1215.66 700.03 19.08 150.99 211.41 
287.83 1216.81 705.75 19.14 148.99 211.94 
298.12 1216.81 706.27 19.59 149.97 214.07 
308.41 1212.27 710.32 20.56 149.95 211.15 
318.7 1207.26 711.44 20.68 148.61 212.18 
328.99 1205.89 714.99 21.01 148.08 212.18 
339.28 1206.34 717.60 21.43 147.06 211.53 
349.57 1203.37 719.40 22.46 147.26 209.80 
359.86 1201.88 722.44 22.69 146.20 210.05 
 
 
Figure 7.14. Partial reaction order in aryl bromide 4.9 – A2. 
 


















Partial Reaction Order in Aryl Bromide 4.9 - A2
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 592 
Table 7.28. Concentration data for experiment 7.5 (A2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1604 0.0808 0.0021 0.1381 
20.29 0.1637 0.0828 0.0021 0.1359 
30.58 0.1606 0.0817 0.0027 0.1316 
40.87 0.1670 0.0858 0.0036 0.1337 
51.16 0.1650 0.0851 0.0043 0.1313 
61.45 0.1644 0.0862 0.0049 0.1313 
71.74 0.1647 0.0860 0.0057 0.1314 
82.03 0.1654 0.0866 0.0059 0.1303 
92.32 0.1629 0.0865 0.0067 0.1276 
102.61 0.1637 0.0881 0.0071 0.1297 
112.9 0.1638 0.0891 0.0077 0.1287 
123.19 0.1636 0.0893 0.0082 0.1276 
133.48 0.1625 0.0891 0.0090 0.1261 
143.77 0.1649 0.0911 0.0092 0.1275 
154.06 0.1606 0.0890 0.0099 0.1254 
164.35 0.1630 0.0905 0.0101 0.1261 
174.64 0.1597 0.0896 0.0106 0.1252 
184.93 0.1626 0.0912 0.0112 0.1252 
195.22 0.1620 0.0915 0.0114 0.1244 
205.51 0.1576 0.0906 0.0119 0.1228 
215.8 0.1593 0.0916 0.0123 0.1239 
226.09 0.1585 0.0919 0.0125 0.1236 
236.38 0.1580 0.0914 0.0130 0.1219 
246.67 0.1572 0.0926 0.0134 0.1223 
256.96 0.1581 0.0933 0.0137 0.1216 
267.25 0.1569 0.0929 0.0144 0.1203 
277.54 0.1586 0.0939 0.0149 0.1210 
287.83 0.1575 0.0941 0.0154 0.1207 
298.12 0.1559 0.0942 0.0154 0.1204 
308.41 0.1563 0.0946 0.0160 0.1187 
318.7 0.1561 0.0956 0.0163 0.1202 
328.99 0.1577 0.0972 0.0169 0.1206 
339.28 0.1542 0.0959 0.0169 0.1194 
349.57 0.1544 0.0969 0.0178 0.1184 
















10 1468.39 739.75 3.22 210.68 253.24 
20.29 1369.29 692.86 2.97 189.49 231.43 
30.58 1308.78 665.72 3.66 178.74 225.53 
40.87 1272.83 654.08 4.57 169.80 210.86 
51.16 1263.94 652.36 5.45 167.72 211.99 
61.45 1240.70 650.77 6.21 165.21 208.84 
71.74 1240.60 648.17 7.13 164.96 208.46 
82.03 1239.71 648.81 7.43 162.75 207.37 
92.32 1226.17 650.62 8.37 160.04 208.21 
102.61 1222.79 657.93 8.84 161.45 206.61 
112.9 1213.99 660.39 9.55 159.01 205.08 
123.19 1213.00 661.63 10.15 157.59 205.08 
133.48 1213.58 665.28 11.17 157.03 206.65 
143.77 1210.11 668.21 11.23 156.01 203.04 
154.06 1205.07 667.86 12.35 156.84 207.65 
164.35 1214.93 674.54 12.52 156.69 206.18 
174.64 1199.49 673.09 13.27 156.66 207.78 
184.93 1195.94 670.99 13.74 153.51 203.50 
195.22 1201.34 678.66 14.08 153.69 205.12 
205.51 1186.13 682.08 14.92 154.03 208.28 
215.8 1191.28 684.86 15.38 154.45 206.87 
226.09 1186.26 687.49 15.60 154.16 207.03 
236.38 1187.73 687.08 16.29 152.81 208.01 
246.67 1176.21 692.95 16.70 152.41 206.95 
256.96 1182.91 698.63 17.10 151.74 207.06 
267.25 1172.02 694.25 17.94 149.74 206.67 
277.54 1179.42 698.14 18.47 149.91 205.71 
287.83 1171.15 699.86 19.07 149.59 205.68 
298.12 1167.76 706.16 19.24 150.30 207.29 
308.41 1164.65 705.00 19.92 147.37 206.13 
318.7 1167.16 714.95 20.27 149.74 206.85 
328.99 1169.25 720.33 20.87 149.05 205.13 
339.28 1155.05 718.54 21.08 149.05 207.26 
349.57 1149.18 721.23 22.11 146.90 205.96 




Figure 7.15. Partial reaction order in aryl bromide 4.9 – A3. 
 
Table 7.30. Concentration data for experiment 7.5 (A3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1672 0.0758 0.0023 0.1409 
20.29 0.1665 0.0760 0.0019 0.1383 
30.58 0.1688 0.0775 0.0025 0.1366 
40.87 0.1706 0.0779 0.0031 0.1355 
51.16 0.1683 0.0774 0.0044 0.1338 
61.45 0.1693 0.0796 0.0046 0.1327 
71.74 0.1722 0.0803 0.0052 0.1337 
82.03 0.1703 0.0803 0.0057 0.1311 
92.32 0.1686 0.0801 0.0065 0.1310 
102.61 0.1712 0.0816 0.0072 0.1315 
112.9 0.1713 0.0829 0.0073 0.1326 
123.19 0.1668 0.0803 0.0077 0.1294 
133.48 0.1702 0.0833 0.0088 0.1297 
143.77 0.1686 0.0839 0.0089 0.1295 
154.06 0.1674 0.0833 0.0092 0.1291 
164.35 0.1658 0.0832 0.0096 0.1280 
174.64 0.1693 0.0852 0.0105 0.1298 



















Partial Reaction Order in Aryl Bromide 4.9 - A3
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 595 
Table 7.30. (cont.) 
184.93 0.1694 0.0852 0.0108 0.1309 
195.22 0.1670 0.0853 0.0107 0.1289 
205.51 0.1627 0.0835 0.0116 0.1256 
215.8 0.1641 0.0860 0.0119 0.1261 
226.09 0.1644 0.0857 0.0123 0.1242 
236.38 0.1626 0.0846 0.0128 0.1237 
246.67 0.1652 0.0871 0.0134 0.1260 
256.96 0.1636 0.0871 0.0137 0.1256 
267.25 0.1661 0.0901 0.0145 0.1261 
277.54 0.1616 0.0881 0.0147 0.1235 
287.83 0.1628 0.0886 0.0147 0.1227 
298.12 0.1638 0.0900 0.0160 0.1253 
308.41 0.1612 0.0894 0.0157 0.1220 
318.7 0.1606 0.0897 0.0162 0.1235 
328.99 0.1591 0.0892 0.0162 0.1217 
339.28 0.1612 0.0904 0.0168 0.1218 
349.57 0.1627 0.0921 0.0180 0.1219 
359.86 0.1579 0.0899 0.0180 0.1213 
 












10 1499.92 680.284 3.4 210.663 248.248 
20.29 1387.18 632.986 2.614 192.073 230.486 
30.58 1329.13 610.425 3.265 179.256 217.797 
40.87 1297.38 592.369 3.951 171.767 210.381 
51.16 1256.66 577.567 5.49 166.512 206.543 
61.45 1249.64 587.289 5.656 163.284 204.185 
71.74 1241.42 579.351 6.298 160.713 199.501 
82.03 1242.55 585.735 6.896 159.438 201.891 
92.32 1235.51 586.702 7.891 159.982 202.732 
102.61 1231.18 586.959 8.684 157.66 199.002 
112.9 1225.54 593.185 8.694 158.061 197.899 
123.19 1219.1 586.766 9.408 157.55 202.16 
133.48 1220.91 597.154 10.491 155.078 198.431 
143.77 1206.47 600.492 10.656 154.532 198.023 
154.06 1213.56 604.372 11.163 156.044 200.627 
164.35 1205.04 604.727 11.632 155.044 201.136 
174.64 1216.79 612.247 12.623 155.451 198.787 
184.93 1198.42 602.993 12.753 154.331 195.717 
195.22 1202.47 613.942 12.782 154.669 199.155 
 596 
Table 7.31. (cont.) 
205.51 1189.77 610.404 14.112 153.039 202.269 
215.8 1188.29 622.467 14.409 152.232 200.367 
226.09 1190.95 621.046 14.858 150.01 200.454 
236.38 1179.97 613.637 15.457 149.571 200.776 
246.67 1186.47 625.542 16.074 150.768 198.698 
256.96 1186 631.629 16.589 151.708 200.552 
267.25 1179.55 639.794 17.209 149.27 196.521 
277.54 1169.83 637.927 17.771 148.974 200.275 
287.83 1175.44 639.926 17.7 147.667 199.774 
298.12 1168.38 641.647 19.041 148.933 197.318 
308.41 1165.17 646.084 18.868 147.02 200.006 
318.7 1159.03 647.331 19.496 148.554 199.697 
328.99 1157.65 648.821 19.675 147.584 201.354 
339.28 1161.57 651.36 20.212 146.228 199.366 
349.57 1168.3 661.31 21.489 145.912 198.693 




Figure 7.16. Partial reaction order in aryl bromide 4.9 – B1. 
 
















Partial Reaction Order in Aryl Bromide 4.9 - B1
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 597 
Table 7.32. Concentration data for experiment 7.5 (B1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1617 0.0801 0.0025 0.2966 
20.29 0.1635 0.0814 0.0027 0.2883 
30.58 0.1676 0.0842 0.0030 0.2926 
40.87 0.1677 0.0845 0.0039 0.2864 
51.16 0.1654 0.0846 0.0048 0.2839 
61.45 0.1655 0.0855 0.0057 0.2839 
71.74 0.1670 0.0863 0.0067 0.2811 
82.03 0.1666 0.0873 0.0071 0.2831 
92.32 0.1639 0.0876 0.0083 0.2775 
102.61 0.1639 0.0885 0.0089 0.2781 
112.9 0.1631 0.0890 0.0096 0.2762 
123.19 0.1626 0.0893 0.0104 0.2776 
133.48 0.1618 0.0903 0.0112 0.2754 
143.77 0.1638 0.0921 0.0118 0.2766 
154.06 0.1604 0.0913 0.0122 0.2745 
164.35 0.1613 0.0922 0.0129 0.2765 
174.64 0.1595 0.0927 0.0136 0.2738 
184.93 0.1588 0.0933 0.0139 0.2683 
195.22 0.1585 0.0927 0.0146 0.2716 
205.51 0.1589 0.0950 0.0156 0.2728 
215.8 0.1588 0.0943 0.0160 0.2718 
226.09 0.1579 0.0955 0.0165 0.2701 
236.38 0.1554 0.0942 0.0174 0.2666 
246.67 0.1586 0.0963 0.0178 0.2703 
256.96 0.1572 0.0960 0.0182 0.2700 
267.25 0.1556 0.0970 0.0190 0.2701 
277.54 0.1558 0.0976 0.0191 0.2663 
287.83 0.1547 0.0975 0.0195 0.2670 
298.12 0.1535 0.0978 0.0207 0.2651 
308.41 0.1531 0.0985 0.0209 0.2653 
318.7 0.1552 0.1009 0.0218 0.2683 
328.99 0.1524 0.0990 0.0219 0.2636 
339.28 0.1507 0.0984 0.0223 0.2605 
349.57 0.1508 0.1006 0.0229 0.2621 
















10 1467.23 727.20 3.81 448.70 251.11 
20.29 1368.80 681.69 3.82 402.30 231.65 
30.58 1310.61 658.24 3.92 381.29 216.34 
40.87 1277.60 643.72 4.92 363.72 210.79 
51.16 1253.84 641.75 6.06 358.80 209.76 
61.45 1236.47 638.98 7.09 353.65 206.76 
71.74 1241.48 641.15 8.28 348.25 205.63 
82.03 1228.81 643.90 8.74 347.92 204.02 
92.32 1219.10 651.41 10.35 344.03 205.83 
102.61 1211.84 654.12 10.98 342.66 204.53 
112.9 1210.23 660.05 11.87 341.59 205.29 
123.19 1200.76 659.48 12.76 341.63 204.32 
133.48 1196.37 667.62 13.75 339.34 204.52 
143.77 1195.83 672.61 14.33 336.59 202.02 
154.06 1190.70 678.05 15.13 339.66 205.38 
164.35 1184.31 676.98 15.74 338.46 203.16 
174.64 1179.79 686.00 16.78 337.66 204.68 
184.93 1176.75 691.30 17.22 331.32 204.99 
195.22 1166.52 682.32 17.95 333.15 203.64 
205.51 1166.76 697.10 19.08 333.77 203.09 
215.8 1165.60 692.14 19.61 332.62 203.12 
226.09 1164.93 704.39 20.31 332.14 204.12 
236.38 1155.11 700.09 21.56 330.18 205.60 
246.67 1162.13 705.82 21.74 330.13 202.76 
256.96 1156.19 706.14 22.30 330.92 203.44 
267.25 1142.04 711.88 23.19 330.44 203.08 
277.54 1143.69 716.34 23.41 325.80 203.11 
287.83 1140.41 718.48 23.94 328.00 203.96 
298.12 1130.56 720.19 25.36 325.52 203.82 
308.41 1130.23 727.42 25.68 326.49 204.28 
318.7 1124.20 731.02 26.33 323.90 200.43 
328.99 1121.97 728.91 26.83 323.32 203.65 
339.28 1126.00 735.06 27.79 324.47 206.75 
349.57 1107.25 738.72 28.04 320.74 203.17 




Figure 7.17. Partial reaction order in aryl bromide 4.9 – B2. 
 
Table 7.34. Concentration data for experiment 7.5 (B2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1676 0.0757 0.0023 0.2852 
20.29 0.1681 0.0765 0.0023 0.2783 
30.58 0.1688 0.0768 0.0030 0.2745 
40.87 0.1698 0.0790 0.0036 0.2755 
51.16 0.1696 0.0797 0.0048 0.2736 
61.45 0.1713 0.0817 0.0059 0.2745 
71.74 0.1697 0.0810 0.0066 0.2704 
82.03 0.1683 0.0820 0.0076 0.2665 
92.32 0.1677 0.0814 0.0082 0.2699 
102.61 0.1690 0.0846 0.0090 0.2717 
112.9 0.1673 0.0838 0.0103 0.2673 
123.19 0.1661 0.0833 0.0104 0.2639 
133.48 0.1638 0.0838 0.0109 0.2637 
143.77 0.1662 0.0860 0.0124 0.2634 
154.06 0.1639 0.0849 0.0127 0.2649 
164.35 0.1667 0.0874 0.0135 0.2666 
174.64 0.1655 0.0882 0.0142 0.2645 















Partial Reaction Order in Aryl Bromide 4.9 - B2
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 600 
Table 7.34. (cont.) 
184.93 0.1622 0.0882 0.0148 0.2629 
195.22 0.1615 0.0889 0.0157 0.2628 
205.51 0.1635 0.0899 0.0163 0.2653 
215.8 0.1629 0.0899 0.0168 0.2633 
226.09 0.1591 0.0890 0.0173 0.2603 
236.38 0.1605 0.0902 0.0178 0.2590 
246.67 0.1594 0.0911 0.0181 0.2601 
256.96 0.1587 0.0909 0.0187 0.2595 
267.25 0.1605 0.0925 0.0195 0.2563 
277.54 0.1585 0.0924 0.0202 0.2594 
287.83 0.1566 0.0930 0.0205 0.2566 
298.12 0.1560 0.0932 0.0208 0.2568 
308.41 0.1590 0.0957 0.0219 0.2585 
318.7 0.1555 0.0942 0.0221 0.2559 
328.99 0.1559 0.0954 0.0227 0.2553 
339.28 0.1538 0.0958 0.0235 0.2520 
349.57 0.1567 0.0966 0.0238 0.2582 
359.86 0.1546 0.0959 0.0244 0.2537 
 












10 1476.74 666.82 3.39 418.76 243.74 
20.29 1386.63 630.93 3.23 382.65 228.24 
30.58 1327.33 604.07 3.92 359.71 217.52 
40.87 1287.71 598.64 4.58 348.17 209.77 
51.16 1274.41 599.14 5.96 342.71 207.90 
61.45 1256.09 598.96 7.17 335.56 202.91 
71.74 1247.91 596.01 8.11 331.42 203.47 
82.03 1231.81 600.31 9.21 324.99 202.45 
92.32 1225.57 595.17 10.03 328.82 202.24 
102.61 1212.11 606.61 10.77 324.71 198.42 
112.9 1213.83 608.14 12.48 323.27 200.75 
123.19 1202.70 603.32 12.58 318.43 200.28 
133.48 1194.78 611.01 13.28 320.53 201.75 
143.77 1207.60 624.69 15.01 319.07 201.06 
154.06 1196.92 620.50 15.46 322.54 202.10 
164.35 1201.36 630.13 16.24 320.28 199.43 
174.64 1195.48 637.33 17.13 318.48 199.90 
184.93 1177.23 640.14 17.85 318.02 200.84 
195.22 1172.19 645.35 19.02 317.86 200.79 
 601 
Table 7.35. (cont.) 
205.51 1170.03 643.43 19.42 316.36 197.98 
215.8 1163.82 642.43 20.00 313.58 197.67 
226.09 1153.20 645.23 20.85 314.52 200.60 
236.38 1167.65 655.86 21.54 314.04 201.27 
246.67 1151.01 657.69 21.78 313.06 199.82 
256.96 1144.53 655.68 22.43 311.82 199.47 
267.25 1148.79 661.76 23.26 305.74 198.00 
277.54 1141.18 665.11 24.27 311.32 199.21 
287.83 1135.19 673.87 24.70 309.97 200.49 
298.12 1134.22 677.51 25.23 311.09 201.09 
308.41 1134.26 682.37 26.05 307.26 197.31 
318.7 1129.75 684.12 26.70 309.89 201.01 
328.99 1128.27 690.52 27.33 308.05 200.28 
339.28 1117.23 695.70 28.42 305.13 201.02 
349.57 1121.93 691.81 28.45 308.13 198.09 
359.86 1113.51 690.59 29.27 304.59 199.29 
 
 



















Partial Reaction Order in Aryl Bromide 4.9 - B3
#REF! #REF! #REF! #REF! CCPlinear Linear (CCPlinear)
 602 
Table 7.36. Concentration data for experiment 7.5 (B3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1625 0.0791 0.0020 0.2724 
20.29 0.1622 0.0800 0.0019 0.2656 
30.58 0.1674 0.0815 0.0028 0.2680 
40.87 0.1649 0.0823 0.0036 0.2627 
51.16 0.1657 0.0837 0.0044 0.2608 
61.45 0.1641 0.0841 0.0058 0.2602 
71.74 0.1643 0.0852 0.0066 0.2572 
82.03 0.1640 0.0868 0.0075 0.2556 
92.32 0.1637 0.0873 0.0079 0.2576 
102.61 0.1631 0.0874 0.0089 0.2569 
112.9 0.1644 0.0893 0.0097 0.2563 
123.19 0.1655 0.0892 0.0104 0.2588 
133.48 0.1615 0.0899 0.0114 0.2539 
143.77 0.1596 0.0910 0.0118 0.2514 
154.06 0.1586 0.0907 0.0128 0.2519 
164.35 0.1613 0.0929 0.0133 0.2550 
174.64 0.1585 0.0919 0.0139 0.2495 
184.93 0.1598 0.0937 0.0146 0.2533 
195.22 0.1574 0.0938 0.0157 0.2502 
205.51 0.1581 0.0949 0.0159 0.2496 
215.8 0.1567 0.0940 0.0163 0.2482 
226.09 0.1552 0.0935 0.0172 0.2493 
236.38 0.1566 0.0950 0.0177 0.2497 
246.67 0.1544 0.0949 0.0181 0.2443 
256.96 0.1542 0.0955 0.0190 0.2449 
267.25 0.1551 0.0983 0.0196 0.2472 
277.54 0.1518 0.0970 0.0195 0.2451 
287.83 0.1539 0.0982 0.0203 0.2450 
298.12 0.1514 0.0970 0.0207 0.2405 
308.41 0.1520 0.0982 0.0221 0.2435 
318.7 0.1508 0.0982 0.0220 0.2399 
328.99 0.1539 0.1010 0.0223 0.2470 
339.28 0.1488 0.0987 0.0224 0.2382 
349.57 0.1515 0.1014 0.0237 0.2411 
















10 10.00 1471.14 716.05 3.06 411.16 
20.29 20.29 1369.23 675.52 2.62 373.64 
30.58 30.58 1317.04 641.53 3.61 351.41 
40.87 40.87 1275.32 636.57 4.69 338.50 
51.16 51.16 1258.21 635.34 5.51 329.95 
61.45 61.45 1232.31 631.32 7.20 325.67 
71.74 71.74 1224.06 634.85 8.20 319.31 
82.03 82.03 1219.84 645.67 9.33 316.84 
92.32 92.32 1216.57 649.10 9.84 319.15 
102.61 102.61 1206.74 646.67 10.99 316.69 
112.9 112.90 1214.45 659.46 11.89 315.58 
123.19 123.19 1200.37 646.94 12.53 312.85 
133.48 133.48 1180.03 657.14 13.89 309.18 
143.77 143.77 1181.87 673.68 14.55 310.32 
154.06 154.06 1175.67 672.18 15.77 311.31 
164.35 164.35 1182.95 680.90 16.20 311.65 
174.64 174.64 1176.27 681.58 17.22 308.56 
184.93 184.93 1171.17 686.43 17.84 309.31 
195.22 195.22 1155.74 688.41 19.19 306.15 
205.51 205.51 1164.56 698.49 19.51 306.30 
215.8 215.80 1151.78 690.94 20.02 303.95 
226.09 226.09 1137.95 685.87 21.02 304.73 
236.38 236.38 1149.57 697.38 21.71 305.48 
246.67 246.67 1148.87 706.16 22.44 302.95 
256.96 256.96 1140.44 706.38 23.45 301.86 
267.25 267.25 1136.21 719.93 23.97 301.91 
277.54 277.54 1122.39 717.10 24.07 302.12 
287.83 287.83 1132.48 722.98 24.85 300.53 
298.12 298.12 1128.36 723.16 25.69 298.66 
308.41 308.41 1114.12 719.52 26.95 297.54 
318.7 318.70 1117.11 727.08 27.12 296.15 
328.99 328.99 1111.45 729.53 26.79 297.35 
339.28 339.28 1108.02 734.75 27.75 295.55 
349.57 349.57 1107.39 741.03 28.92 293.73 




Figure 7.19. Partial reaction order in aryl bromide 4.9 – C1. 
 
Table 7.38. Concentration data for experiment 7.5 (C1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 10 0.1636 0.0774 0.0028 
20.29 20.29 0.1665 0.0791 0.0028 
30.58 30.58 0.1668 0.0799 0.0033 
40.87 40.87 0.1663 0.0801 0.0043 
51.16 51.16 0.1680 0.0814 0.0056 
61.45 61.45 0.1673 0.0814 0.0069 
71.74 71.74 0.1705 0.0853 0.0084 
82.03 82.03 0.1650 0.0848 0.0090 
92.32 92.32 0.1642 0.0854 0.0101 
102.61 102.61 0.1632 0.0862 0.0111 
112.9 112.9 0.1625 0.0868 0.0121 
123.19 123.19 0.1641 0.0891 0.0135 
133.48 133.48 0.1636 0.0901 0.0143 
143.77 143.77 0.1596 0.0895 0.0154 
154.06 154.06 0.1589 0.0904 0.0166 
164.35 164.35 0.1582 0.0916 0.0171 
174.64 174.64 0.1613 0.0941 0.0187 















Partial Reaction Order in Aryl Bromide 4.9 - C1
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 605 
Table 7.38. (cont.) 
184.93 184.93 0.1615 0.0947 0.0200 
195.22 195.22 0.1539 0.0920 0.0195 
205.51 205.51 0.1567 0.0947 0.0206 
215.8 215.8 0.1548 0.0960 0.0213 
226.09 226.09 0.1532 0.0964 0.0224 
236.38 236.38 0.1539 0.0978 0.0233 
246.67 246.67 0.1530 0.0983 0.0233 
256.96 256.96 0.1508 0.0973 0.0247 
267.25 267.25 0.1509 0.0986 0.0250 
277.54 277.54 0.1534 0.1011 0.0269 
287.83 287.83 0.1516 0.1011 0.0270 
298.12 298.12 0.1494 0.1014 0.0273 
308.41 308.41 0.1494 0.1020 0.0284 
318.7 318.7 0.1510 0.1029 0.0289 
328.99 328.99 0.1464 0.1031 0.0299 
339.28 339.28 0.1495 0.1051 0.0310 
349.57 349.57 0.1456 0.1027 0.0307 
359.86 359.86 0.1494 0.1071 0.0324 
 












10 1477.35 698.88 4.14 857.50 249.87 
20.29 1387.79 659.07 3.94 787.63 230.66 
30.58 1338.52 640.99 4.44 743.93 221.95 
40.87 1296.09 624.18 5.55 720.49 215.67 
51.16 1281.81 620.90 7.12 703.13 211.12 
61.45 1266.76 616.45 8.65 685.07 209.48 
71.74 1248.09 624.26 10.19 683.03 202.48 
82.03 1234.19 634.07 11.28 676.34 206.98 
92.32 1221.94 635.75 12.51 673.90 205.91 
102.61 1212.09 639.77 13.71 670.60 205.43 
112.9 1207.44 645.43 14.98 669.95 205.64 
123.19 1213.04 658.25 16.64 661.23 204.48 
133.48 1202.00 661.87 17.46 668.00 203.33 
143.77 1180.16 662.05 18.93 664.06 204.62 
154.06 1178.05 670.47 20.49 663.68 205.12 
164.35 1177.09 681.30 21.16 664.33 205.84 
174.64 1166.69 680.82 22.49 655.93 200.17 
184.93 1138.88 667.83 23.54 650.62 195.10 
195.22 1145.51 684.95 24.21 656.40 205.99 
 606 
Table 7.39. (cont.) 
205.51 1154.53 697.70 25.29 657.34 203.79 
215.8 1148.53 712.22 26.34 655.02 205.25 
226.09 1136.07 714.97 27.67 658.81 205.13 
236.38 1135.71 721.34 28.61 655.98 204.16 
246.67 1136.47 729.79 28.84 654.68 205.47 
256.96 1115.32 719.29 30.39 652.11 204.57 
267.25 1119.57 731.63 30.98 652.45 205.33 
277.54 1120.96 738.80 32.78 650.71 202.20 
287.83 1122.49 748.05 33.27 645.62 204.79 
298.12 1103.12 748.58 33.65 648.04 204.34 
308.41 1104.94 754.75 34.97 649.82 204.67 
318.7 1108.38 755.33 35.32 643.88 203.11 
328.99 1080.71 761.00 36.73 647.63 204.24 
339.28 1091.89 767.10 37.74 645.34 202.02 
349.57 1086.37 766.50 38.19 638.06 206.43 
359.86 1083.79 776.75 39.12 639.68 200.68 
 
 
Figure 7.20. Partial reaction order in aryl bromide 4.9 – C2. 
 
 
















Partial Reaction Order in Aryl Bromide 4.9 - C2
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 607 
Table 7.40. Concentration data for experiment 7.5 (C2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1611 0.0827 0.0025 0.5781 
20.29 0.1591 0.0832 0.0025 0.5617 
30.58 0.1625 0.0836 0.0034 0.5589 
40.87 0.1629 0.0845 0.0038 0.5545 
51.16 0.1635 0.0868 0.0051 0.5537 
61.45 0.1652 0.0889 0.0066 0.5574 
71.74 0.1611 0.0879 0.0074 0.5461 
82.03 0.1639 0.0907 0.0090 0.5498 
92.32 0.1588 0.0902 0.0098 0.5447 
102.61 0.1589 0.0910 0.0104 0.5397 
112.9 0.1577 0.0920 0.0118 0.5415 
123.19 0.1577 0.0924 0.0129 0.5407 
133.48 0.1561 0.0945 0.0143 0.5419 
143.77 0.1564 0.0952 0.0146 0.5387 
154.06 0.1548 0.0960 0.0160 0.5405 
164.35 0.1533 0.0964 0.0167 0.5385 
174.64 0.1539 0.0975 0.0176 0.5346 
184.93 0.1502 0.0967 0.0178 0.5304 
195.22 0.1533 0.0991 0.0197 0.5343 
205.51 0.1516 0.0996 0.0207 0.5347 
215.8 0.1498 0.0997 0.0213 0.5309 
226.09 0.1526 0.1024 0.0226 0.5397 
236.38 0.1483 0.1004 0.0224 0.5274 
246.67 0.1481 0.1029 0.0242 0.5337 
256.96 0.1477 0.1028 0.0241 0.5323 
267.25 0.1477 0.1031 0.0254 0.5284 
277.54 0.1449 0.1025 0.0258 0.5287 
287.83 0.1455 0.1051 0.0268 0.5305 
298.12 0.1453 0.1060 0.0279 0.5268 
308.41 0.1429 0.1049 0.0282 0.5206 
318.7 0.1469 0.1081 0.0294 0.5267 
328.99 0.1425 0.1054 0.0300 0.5184 
339.28 0.1434 0.1079 0.0307 0.5267 
349.57 0.1428 0.1100 0.0313 0.5284 
















10 1458.65 749.07 3.82 872.55 250.55 
20.29 1352.29 707.25 3.59 795.77 235.16 
30.58 1305.31 671.08 4.50 748.14 222.20 
40.87 1266.58 656.91 4.99 718.39 215.07 
51.16 1243.25 659.98 6.52 701.79 210.40 
61.45 1222.74 657.48 8.08 687.45 204.72 
71.74 1207.45 658.70 9.24 682.27 207.40 
82.03 1209.48 669.50 11.05 676.07 204.12 
92.32 1185.21 673.09 12.19 677.50 206.47 
102.61 1186.19 679.66 13.00 671.52 206.54 
112.9 1177.76 687.27 14.65 673.83 206.59 
123.19 1179.03 690.97 16.12 673.67 206.80 
133.48 1163.64 704.61 17.79 673.14 206.18 
143.77 1163.11 708.36 18.05 667.82 205.79 
154.06 1151.58 713.91 19.88 669.93 205.76 
164.35 1135.59 714.21 20.60 664.69 204.90 
174.64 1143.68 724.40 21.85 662.35 205.65 
184.93 1132.10 728.80 22.41 666.22 208.50 
195.22 1132.98 732.33 24.24 658.21 204.50 
205.51 1119.55 735.21 25.52 657.95 204.28 
215.8 1111.06 739.07 26.28 656.05 205.15 
226.09 1114.72 748.52 27.47 657.21 202.15 
236.38 1106.06 749.27 27.80 655.75 206.39 
246.67 1092.88 759.49 29.70 656.21 204.12 
256.96 1089.22 757.66 29.59 654.20 204.00 
267.25 1092.17 762.64 31.28 651.42 204.64 
277.54 1073.39 759.01 31.82 652.53 204.88 
287.83 1070.01 773.17 32.90 650.17 203.45 
298.12 1072.83 782.75 34.28 648.21 204.26 
308.41 1061.88 779.47 34.98 644.55 205.52 
318.7 1069.95 787.51 35.73 639.41 201.52 
328.99 1052.82 779.01 36.92 638.56 204.47 
339.28 1053.87 792.77 37.66 645.15 203.33 
349.57 1045.90 805.87 38.20 645.21 202.69 




Figure 7.21. Partial reaction order in aryl bromide 4.9 – C3. 
 
Table 7.42. Concentration data for experiment 7.5 (C3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1626 0.0786 0.0029 0.5626 
20.29 0.1624 0.0802 0.0029 0.5560 
30.58 0.1645 0.0816 0.0036 0.5502 
40.87 0.1635 0.0832 0.0044 0.5464 
51.16 0.1681 0.0871 0.0051 0.5545 
61.45 0.1618 0.0856 0.0068 0.5368 
71.74 0.1624 0.0887 0.0077 0.5375 
82.03 0.1603 0.0896 0.0089 0.5360 
92.32 0.1599 0.0905 0.0098 0.5345 
102.61 0.1590 0.0921 0.0114 0.5388 
112.9 0.1591 0.0928 0.0128 0.5369 
123.19 0.1581 0.0942 0.0134 0.5318 
133.48 0.1563 0.0948 0.0149 0.5309 
143.77 0.1551 0.0950 0.0159 0.5248 
154.06 0.1551 0.0966 0.0168 0.5295 
164.35 0.1535 0.0967 0.0178 0.5302 
174.64 0.1536 0.0980 0.0185 0.5285 















Partial Reaction Order in Aryl Bromide 4.9 - C3
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 610 
Table 7.42. (cont.) 
184.93 0.1523 0.0990 0.0193 0.5273 
195.22 0.1521 0.1001 0.0202 0.5240 
205.51 0.1503 0.1000 0.0207 0.5215 
215.8 0.1485 0.1001 0.0223 0.5250 
226.09 0.1467 0.1010 0.0226 0.5178 
236.38 0.1476 0.1014 0.0243 0.5252 
246.67 0.1489 0.1039 0.0244 0.5168 
256.96 0.1453 0.1031 0.0252 0.5154 
267.25 0.1465 0.1042 0.0263 0.5182 
277.54 0.1456 0.1056 0.0270 0.5175 
287.83 0.1443 0.1061 0.0287 0.5167 
298.12 0.1428 0.1063 0.0287 0.5168 
308.41 0.1446 0.1094 0.0292 0.5245 
318.7 0.1451 0.1094 0.0305 0.5220 
328.99 0.1436 0.1090 0.0312 0.5178 
339.28 0.1424 0.1091 0.0309 0.5182 
349.57 0.1401 0.1089 0.0326 0.5091 
359.86 0.1431 0.1121 0.0342 0.5224 
 












10 1465.00 708.18 4.32 845.08 249.34 
20.29 1361.86 672.51 4.10 777.03 232.00 
30.58 1310.92 650.39 4.72 730.61 220.43 
40.87 1266.41 644.80 5.70 705.51 214.34 
51.16 1245.09 645.11 6.25 684.45 204.90 
61.45 1215.21 642.60 8.45 671.72 207.74 
71.74 1206.84 659.33 9.50 665.72 205.58 
82.03 1190.26 665.44 11.06 663.23 205.41 
92.32 1187.59 672.11 12.15 661.75 205.50 
102.61 1165.10 674.61 13.90 658.12 202.74 
112.9 1164.44 679.42 15.60 655.01 202.50 
123.19 1163.92 693.22 16.40 652.50 203.66 
133.48 1149.41 697.34 18.21 650.59 203.44 
143.77 1145.59 701.48 19.57 646.15 204.38 
154.06 1130.30 704.28 20.35 643.13 201.62 
164.35 1127.30 710.44 21.77 648.96 203.20 
174.64 1130.20 720.58 22.72 647.92 203.52 
184.93 1114.32 723.89 23.59 642.88 202.40 
195.22 1112.26 731.85 24.65 638.48 202.29 
 611 
Table 7.43. (cont.) 
205.51 1109.00 737.63 25.40 641.23 204.09 
215.8 1086.08 731.72 27.15 639.72 202.28 
226.09 1084.09 746.29 27.85 637.68 204.43 
236.38 1087.56 747.24 29.85 645.02 203.86 
246.67 1092.96 762.55 29.84 632.17 203.07 
256.96 1073.30 761.51 30.97 634.39 204.31 
267.25 1075.01 764.99 32.11 633.77 203.02 
277.54 1068.68 774.89 33.06 633.14 203.08 
287.83 1060.96 780.33 35.11 633.16 203.40 
298.12 1045.08 777.61 34.98 630.27 202.44 
308.41 1045.39 790.36 35.23 631.82 199.95 
318.7 1049.37 790.62 36.73 628.99 200.03 
328.99 1048.91 795.93 37.96 630.34 202.07 
339.28 1031.42 790.45 37.33 625.43 200.36 
349.57 1022.97 795.02 39.69 619.59 202.05 
359.86 1023.07 801.56 40.78 622.33 197.76 
 
 
Figure 7.22. Partial reaction order in aryl bromide 4.9 – D1. 
 



















Partial Reaction Order in Aryl Bromide 4.9 - D1
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 612 
Table 7.44. Concentration data for experiment 7.5 (D1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1592 0.0836 0.0033 0.8639 
20.29 0.1586 0.0839 0.0033 0.8374 
30.58 0.1626 0.0852 0.0038 0.8407 
40.87 0.1617 0.0853 0.0053 0.8293 
51.16 0.1656 0.0883 0.0065 0.8369 
61.45 0.1618 0.0876 0.0076 0.8218 
71.74 0.1630 0.0898 0.0086 0.8243 
82.03 0.1603 0.0907 0.0100 0.8236 
92.32 0.1589 0.0919 0.0111 0.8193 
102.61 0.1602 0.0943 0.0127 0.8265 
112.9 0.1561 0.0936 0.0137 0.8104 
123.19 0.1576 0.0961 0.0153 0.8200 
133.48 0.1553 0.0957 0.0164 0.8087 
143.77 0.1541 0.0967 0.0177 0.8019 
154.06 0.1520 0.0968 0.0185 0.8030 
164.35 0.1543 0.0996 0.0193 0.8115 
174.64 0.1501 0.0989 0.0204 0.8015 
184.93 0.1507 0.1013 0.0220 0.8109 
195.22 0.1498 0.1018 0.0226 0.8094 
205.51 0.1486 0.1016 0.0234 0.8047 
215.8 0.1481 0.1025 0.0244 0.7982 
226.09 0.1472 0.1040 0.0251 0.7974 
236.38 0.1495 0.1067 0.0271 0.8139 
246.67 0.1456 0.1051 0.0272 0.7952 
256.96 0.1441 0.1063 0.0287 0.8022 
267.25 0.1444 0.1072 0.0294 0.8015 
277.54 0.1430 0.1066 0.0297 0.7893 
287.83 0.1432 0.1097 0.0311 0.8000 
298.12 0.1411 0.1092 0.0318 0.7911 
308.41 0.1419 0.1104 0.0330 0.7991 
318.7 0.1403 0.1108 0.0336 0.7908 
328.99 0.1392 0.1109 0.0349 0.7861 
339.28 0.1392 0.1137 0.0356 0.7947 
349.57 0.1377 0.1127 0.0361 0.7903 
















10 1474.47 774.01 5.11 1333.86 256.29 
20.29 1363.73 721.15 4.79 1199.93 237.88 
30.58 1317.37 690.40 5.07 1135.42 224.21 
40.87 1273.50 672.18 6.94 1088.82 217.95 
51.16 1250.64 666.91 8.15 1053.11 208.88 
61.45 1233.82 667.77 9.64 1044.21 210.93 
71.74 1221.41 672.68 10.68 1029.71 207.36 
82.03 1203.78 681.31 12.57 1030.98 207.79 
92.32 1190.43 688.81 13.90 1023.07 207.29 
102.61 1187.12 698.57 15.67 1020.58 204.99 
112.9 1174.34 704.68 17.22 1016.35 208.19 
123.19 1166.72 711.35 18.83 1011.92 204.85 
133.48 1162.10 715.90 20.40 1008.63 207.04 
143.77 1160.04 728.23 22.16 1006.10 208.26 
154.06 1141.79 727.27 23.11 1005.03 207.77 
164.35 1141.47 736.39 23.81 1000.31 204.62 
174.64 1123.39 739.98 25.50 999.86 207.08 
184.93 1120.77 753.18 27.30 1004.84 205.71 
195.22 1114.28 757.66 28.03 1003.54 205.83 
205.51 1108.46 758.02 29.09 1000.64 206.42 
215.8 1109.21 767.62 30.43 996.66 207.28 
226.09 1103.73 780.06 31.34 996.32 207.42 
236.38 1097.83 783.33 33.15 995.88 203.12 
246.67 1089.10 786.58 33.93 991.49 206.96 
256.96 1074.75 792.80 35.66 997.04 206.31 
267.25 1075.57 798.34 36.50 995.23 206.13 
277.54 1076.06 802.19 37.23 990.06 208.21 
287.83 1062.13 813.59 38.40 989.04 205.22 
298.12 1055.17 816.37 39.64 985.93 206.88 
308.41 1051.57 818.15 40.80 986.89 205.01 
318.7 1047.45 827.43 41.86 983.76 206.52 
328.99 1042.42 830.52 43.59 981.26 207.22 
339.28 1035.86 846.00 44.12 985.40 205.83 
349.57 1025.50 839.25 44.79 981.05 206.07 




Figure 7.23. Partial reaction order in aryl bromide 4.9 – D2. 
 
Table 7.46. Concentration data for experiment 7.5 (D2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1625 0.0771 0.0025 0.8687 
20.29 0.1699 0.0819 0.0030 0.8889 
30.58 0.1646 0.0808 0.0037 0.8577 
40.87 0.1665 0.0819 0.0047 0.8539 
51.16 0.1656 0.0832 0.0056 0.8451 
61.45 0.1632 0.0842 0.0072 0.8438 
71.74 0.1629 0.0853 0.0086 0.8411 
82.03 0.1626 0.0866 0.0098 0.8415 
92.32 0.1612 0.0889 0.0112 0.8373 
102.61 0.1614 0.0902 0.0124 0.8418 
112.9 0.1591 0.0912 0.0136 0.8356 
123.19 0.1576 0.0925 0.0150 0.8390 
133.48 0.1593 0.0957 0.0162 0.8413 
143.77 0.1555 0.0941 0.0172 0.8234 
154.06 0.1550 0.0958 0.0185 0.8365 
164.35 0.1529 0.0975 0.0197 0.8343 
174.64 0.1535 0.0980 0.0207 0.8282 



















Partial Reaction Order in Aryl Bromide 4.9 - D2
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 615 
Table 7.46. (cont.) 
184.93 0.1497 0.0973 0.0216 0.8166 
195.22 0.1500 0.0985 0.0222 0.8217 
205.51 0.1500 0.1007 0.0240 0.8271 
215.8 0.1507 0.1035 0.0246 0.8342 
226.09 0.1498 0.1034 0.0259 0.8242 
236.38 0.1469 0.1027 0.0265 0.8215 
246.67 0.1458 0.1048 0.0271 0.8262 
256.96 0.1462 0.1052 0.0282 0.8191 
267.25 0.1429 0.1045 0.0294 0.8206 
277.54 0.1441 0.1075 0.0310 0.8288 
287.83 0.1422 0.1066 0.0317 0.8143 
298.12 0.1433 0.1086 0.0325 0.8218 
308.41 0.1399 0.1092 0.0331 0.8161 
318.7 0.1403 0.1096 0.0333 0.8112 
328.99 0.1382 0.1094 0.0346 0.8110 
339.28 0.1380 0.1110 0.0362 0.8044 
349.57 0.1415 0.1147 0.0370 0.8182 
359.86 0.1367 0.1138 0.0385 0.8136 
 












10 1414.17 670.664 3.583 1259.74 240.731 
20.29 1328.84 640.379 3.951 1158.82 216.397 
30.58 1261.12 618.945 4.714 1095.38 212.011 
40.87 1233.89 607.017 5.782 1054.88 205.082 
51.16 1215.09 610.422 6.851 1033.3 202.965 
61.45 1187.04 612.587 8.72 1023.17 201.278 
71.74 1177.76 616.85 10.321 1013.32 199.987 
82.03 1166.06 620.661 11.74 1005.73 198.39 
92.32 1159.68 639.289 13.378 1003.73 198.99 
102.61 1149.26 642.404 14.738 998.959 196.996 
112.9 1139.5 653.188 16.256 997.487 198.168 
123.19 1123.26 659.169 17.789 996.433 197.146 
133.48 1124.95 675.901 19.033 989.958 195.331 
143.77 1115.36 675.515 20.557 984.645 198.507 
154.06 1104.54 682.572 22.025 993.725 197.196 
164.35 1092.72 697.193 23.412 993.874 197.749 
174.64 1096.09 699.99 24.642 985.849 197.609 
184.93 1087.69 706.955 26.147 988.852 201.021 
195.22 1077.35 707.175 26.581 983.535 198.684 
 616 
Table 7.47. (cont.) 
205.51 1071.49 719.356 28.584 984.709 197.629 
215.8 1065.65 731.669 29.018 983.27 195.664 
226.09 1068.39 737.492 30.797 979.811 197.341 
236.38 1053.94 736.486 31.675 982.053 198.443 
246.67 1042.07 749.248 32.283 984.45 197.794 
256.96 1045.9 752.375 33.585 976.847 197.961 
267.25 1022.7 747.772 35.08 978.684 197.968 
277.54 1019.93 761.268 36.55 978.029 195.883 
287.83 1019.62 764.829 37.917 973.456 198.436 
298.12 1019.26 772.177 38.512 973.865 196.728 
308.41 1003.2 783.005 39.558 975.532 198.423 
318.7 1008.92 787.696 39.844 971.931 198.884 
328.99 997.675 789.959 41.628 975.883 199.755 
339.28 996.415 801.448 43.532 968.146 199.783 
349.57 992.812 804.63 43.227 957.027 194.162 
359.86 978.014 813.811 45.893 969.995 197.91 
 
 
Figure 7.24. Partial reaction order in aryl bromide 4.9 – D3. 
 



















Partial Reaction Order in Aryl Bromide 4.9 - D3
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 617 
Table 7.48. Concentration data for experiment 7.5 (D3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1656 0.0747 0.0030 0.8595 
20.29 0.1673 0.0773 0.0029 0.8623 
30.58 0.1703 0.0788 0.0035 0.8561 
40.87 0.1699 0.0804 0.0045 0.8399 
51.16 0.1666 0.0782 0.0056 0.8241 
61.45 0.1670 0.0818 0.0070 0.8305 
71.74 0.1665 0.0837 0.0088 0.8302 
82.03 0.1702 0.0857 0.0103 0.8579 
92.32 0.1626 0.0839 0.0117 0.8284 
102.61 0.1639 0.0872 0.0132 0.8323 
112.9 0.1596 0.0868 0.0148 0.8171 
123.19 0.1597 0.0887 0.0154 0.8167 
133.48 0.1623 0.0929 0.0171 0.8331 
143.77 0.1585 0.0925 0.0186 0.8215 
154.06 0.1594 0.0937 0.0191 0.8286 
164.35 0.1571 0.0927 0.0212 0.8273 
174.64 0.1576 0.0946 0.0217 0.8183 
184.93 0.1563 0.0967 0.0229 0.8193 
195.22 0.1548 0.0956 0.0237 0.8018 
205.51 0.1521 0.0963 0.0252 0.8182 
215.8 0.1488 0.0957 0.0255 0.7913 
226.09 0.1505 0.0970 0.0274 0.8033 
236.38 0.1552 0.1031 0.0292 0.8167 
246.67 0.1511 0.1015 0.0296 0.8157 
256.96 0.1501 0.1022 0.0305 0.8119 
267.25 0.1483 0.1043 0.0319 0.8142 
277.54 0.1470 0.1042 0.0319 0.8046 
287.83 0.1454 0.1036 0.0326 0.7961 
298.12 0.1442 0.1047 0.0331 0.7958 
308.41 0.1443 0.1065 0.0354 0.8049 
318.7 0.1433 0.1085 0.0364 0.8128 
328.99 0.1456 0.1105 0.0372 0.8128 
339.28 0.1398 0.1074 0.0375 0.7849 
349.57 0.1474 0.1141 0.0404 0.8281 
















10 1437.75 648.32 4.36 1244.10 240.27 
20.29 1332.20 615.55 3.80 1144.13 220.26 
30.58 1285.15 594.65 4.34 1076.44 208.72 
40.87 1254.81 593.35 5.53 1033.62 204.30 
51.16 1223.34 574.40 6.90 1008.29 203.11 
61.45 1201.26 588.87 8.44 995.83 199.05 
71.74 1188.23 596.99 10.45 987.42 197.44 
82.03 1164.82 586.42 11.76 978.46 189.32 
92.32 1146.65 591.44 13.76 973.57 195.10 
102.61 1153.67 613.43 15.53 976.15 194.69 
112.9 1133.76 616.42 17.57 967.24 196.50 
123.19 1127.76 626.74 18.10 961.50 195.42 
133.48 1128.20 645.77 19.83 965.49 192.37 
143.77 1111.48 648.61 21.77 959.79 193.96 
154.06 1107.68 650.79 22.07 959.53 192.23 
164.35 1095.11 646.28 24.64 961.10 192.84 
174.64 1099.52 660.23 25.22 951.51 193.02 
184.93 1090.20 674.65 26.62 952.38 192.95 
195.22 1081.62 667.76 27.59 933.57 193.28 
205.51 1084.84 686.71 29.94 972.34 197.27 
215.8 1083.97 696.95 30.92 960.59 201.52 
226.09 1078.74 694.94 32.72 959.47 198.28 
236.38 1084.37 720.61 33.97 951.18 193.35 
246.67 1069.50 718.65 34.89 962.48 195.88 
256.96 1066.62 726.45 36.13 961.47 196.58 
267.25 1053.05 740.74 37.75 963.40 196.42 
277.54 1045.58 741.34 37.86 953.70 196.75 
287.83 1039.26 740.39 38.81 948.02 197.69 
298.12 1034.14 750.91 39.59 951.17 198.41 
308.41 1023.92 755.60 41.92 952.08 196.35 
318.7 1005.47 761.32 42.61 950.49 194.11 
328.99 1008.27 765.06 42.90 938.25 191.62 
339.28 995.93 764.69 44.54 931.72 197.04 
349.57 994.53 769.41 45.40 930.91 186.61 




Figure 7.25. Partial reaction order in aryl bromide 4.9 – E1. 
 
Table 7.50. Concentration data for experiment 7.5 (E1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1645 0.0759 0.0029 1.1739 
20.29 0.1679 0.0764 0.0032 1.1579 
30.58 0.1687 0.0781 0.0041 1.1539 
40.87 0.1680 0.0787 0.0049 1.1409 
51.16 0.1696 0.0802 0.0065 1.1337 
61.45 0.1670 0.0814 0.0079 1.1327 
71.74 0.1691 0.0845 0.0096 1.1447 
82.03 0.1652 0.0837 0.0104 1.1240 
92.32 0.1641 0.0855 0.0116 1.1229 
102.61 0.1657 0.0881 0.0137 1.1322 
112.9 0.1617 0.0885 0.0149 1.1211 
123.19 0.1601 0.0892 0.0165 1.1194 
133.48 0.1588 0.0909 0.0179 1.1157 
143.77 0.1576 0.0921 0.0195 1.1194 
154.06 0.1575 0.0936 0.0206 1.1181 
164.35 0.1539 0.0937 0.0216 1.1071 
174.64 0.1564 0.0953 0.0228 1.1131 
















Partial Reaction Order in Aryl Bromide 4.9 - E1
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.50. (cont.) 
184.93 0.1530 0.0957 0.0239 1.1080 
195.22 0.1521 0.0971 0.0261 1.1052 
205.51 0.1536 0.0999 0.0270 1.1304 
215.8 0.1511 0.1001 0.0279 1.1108 
226.09 0.1501 0.1010 0.0290 1.1098 
236.38 0.1483 0.1010 0.0301 1.1038 
246.67 0.1477 0.1025 0.0309 1.1012 
256.96 0.1479 0.1047 0.0323 1.1196 
267.25 0.1447 0.1046 0.0333 1.1025 
277.54 0.1446 0.1052 0.0342 1.0972 
287.83 0.1461 0.1075 0.0350 1.1105 
298.12 0.1427 0.1081 0.0357 1.1001 
308.41 0.1426 0.1084 0.0377 1.0989 
318.7 0.1409 0.1087 0.0380 1.0896 
328.99 0.1397 0.1095 0.0392 1.0910 
339.28 0.1386 0.1109 0.0401 1.0853 
349.57 0.1389 0.1119 0.0412 1.0933 
359.86 0.1385 0.1133 0.0431 1.0971 
 












10 1458.06 672.96 4.29 1734.00 245.21 
20.29 1366.49 621.45 4.36 1570.63 225.18 
30.58 1304.80 604.32 5.34 1487.17 213.94 
40.87 1272.93 596.74 6.13 1440.94 209.66 
51.16 1255.63 593.52 8.01 1398.44 204.77 
61.45 1223.98 596.43 9.71 1383.44 202.75 
71.74 1212.48 605.97 11.42 1368.22 198.42 
82.03 1199.57 607.67 12.59 1360.24 200.90 
92.32 1187.44 618.98 14.05 1354.49 200.23 
102.61 1181.78 628.49 16.27 1345.78 197.31 
112.9 1167.16 638.61 17.97 1348.44 199.67 
123.19 1156.00 644.18 19.81 1347.43 199.81 
133.48 1143.00 654.33 21.52 1338.79 199.20 
143.77 1132.36 662.02 23.35 1340.68 198.81 
154.06 1129.68 670.93 24.60 1336.24 198.39 
164.35 1117.62 680.55 26.20 1340.26 200.96 
174.64 1121.68 683.91 27.21 1330.77 198.46 
184.93 1102.87 689.74 28.73 1331.08 199.43 
195.22 1092.14 697.48 31.19 1322.59 198.65 
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Table 7.51. (cont.) 
205.51 1084.37 705.49 31.72 1330.06 195.33 
215.8 1076.25 712.91 33.07 1318.55 197.04 
226.09 1077.06 724.63 34.72 1326.96 198.48 
236.38 1064.09 725.08 35.97 1320.32 198.57 
246.67 1057.21 733.67 36.89 1313.55 198.01 
256.96 1043.28 738.64 38.03 1316.14 195.14 
267.25 1038.90 751.08 39.79 1319.21 198.63 
277.54 1037.21 754.87 40.91 1311.68 198.46 
287.83 1033.69 760.36 41.30 1309.23 195.71 
298.12 1024.77 776.58 42.68 1316.99 198.72 
308.41 1023.11 777.63 45.09 1314.42 198.56 
318.7 1020.69 787.10 45.88 1315.28 200.39 
328.99 1006.31 789.18 47.08 1309.92 199.31 
339.28 1002.07 801.69 48.30 1307.48 199.99 
349.57 998.90 804.89 49.45 1310.60 198.99 
359.86 991.47 810.67 51.38 1308.73 198.03 
 
 
Figure 7.26. Partial reaction order in aryl bromide 4.9 – E2. 
 
















Partial Reaction Order in Aryl Bromide 4.9 - E2
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.52. Concentration data for experiment 7.5 (E2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1630 0.0750 0.0033 1.1497 
20.29 0.1678 0.0767 0.0029 1.1418 
30.58 0.1669 0.0772 0.0037 1.1335 
40.87 0.1679 0.0797 0.0050 1.1332 
51.16 0.1694 0.0823 0.0062 1.1295 
61.45 0.1650 0.0822 0.0072 1.1125 
71.74 0.1644 0.0850 0.0089 1.1175 
82.03 0.1626 0.0863 0.0106 1.1045 
92.32 0.1643 0.0888 0.0126 1.1136 
102.61 0.1606 0.0894 0.0133 1.1064 
112.9 0.1583 0.0899 0.0150 1.1044 
123.19 0.1577 0.0912 0.0167 1.1054 
133.48 0.1578 0.0919 0.0173 1.0900 
143.77 0.1571 0.0935 0.0194 1.0992 
154.06 0.1555 0.0945 0.0210 1.1012 
164.35 0.1525 0.0953 0.0217 1.0872 
174.64 0.1528 0.0961 0.0235 1.0949 
184.93 0.1525 0.0982 0.0238 1.0867 
195.22 0.1514 0.0987 0.0258 1.0960 
205.51 0.1498 0.0990 0.0261 1.0896 
215.8 0.1504 0.1016 0.0280 1.0885 
226.09 0.1481 0.1006 0.0288 1.0822 
236.38 0.1464 0.1033 0.0297 1.0926 
246.67 0.1456 0.1023 0.0311 1.0720 
256.96 0.1447 0.1032 0.0318 1.0721 
267.25 0.1461 0.1062 0.0337 1.0933 
277.54 0.1448 0.1069 0.0346 1.0768 
287.83 0.1437 0.1071 0.0359 1.0790 
298.12 0.1438 0.1091 0.0371 1.0860 
308.41 0.1417 0.1100 0.0390 1.0818 
318.7 0.1409 0.1121 0.0399 1.0906 
328.99 0.1400 0.1119 0.0403 1.0787 
339.28 0.1389 0.1127 0.0405 1.0702 
349.57 0.1400 0.1147 0.0427 1.0847 
















10 1474.11 678.47 4.94 1732.94 250.22 
20.29 1378.00 630.17 3.91 1562.96 227.24 
30.58 1315.48 608.78 4.80 1489.17 218.09 
40.87 1279.39 607.43 6.32 1439.20 210.82 
51.16 1255.73 610.00 7.63 1395.14 205.05 
61.45 1229.27 612.32 8.93 1381.11 206.09 
71.74 1206.78 623.85 10.89 1367.23 203.11 
82.03 1195.30 634.12 12.94 1353.39 203.41 
92.32 1187.24 641.57 15.22 1341.15 199.92 
102.61 1169.23 651.00 16.09 1342.39 201.41 
112.9 1159.45 658.69 18.27 1348.53 202.70 
123.19 1147.35 663.56 20.30 1340.52 201.32 
133.48 1147.61 668.11 20.94 1321.31 201.22 
143.77 1139.50 678.45 23.44 1328.99 200.71 
154.06 1132.30 688.15 25.50 1336.67 201.50 
164.35 1113.80 696.17 26.47 1323.58 202.10 
174.64 1110.79 698.82 28.49 1326.38 201.10 
184.93 1112.34 716.03 28.92 1320.90 201.77 
195.22 1102.15 718.78 31.32 1329.80 201.42 
205.51 1096.06 724.40 31.82 1328.43 202.38 
215.8 1096.57 740.72 34.06 1322.50 201.69 
226.09 1085.64 737.45 35.24 1322.28 202.83 
236.38 1069.54 754.88 36.15 1330.14 202.09 
246.67 1070.43 751.56 38.07 1313.13 203.35 
256.96 1067.07 761.23 39.05 1318.06 204.08 
267.25 1061.03 770.92 40.75 1323.22 200.92 
277.54 1052.01 776.96 41.96 1304.26 201.07 
287.83 1046.79 780.25 43.64 1309.84 201.52 
298.12 1041.85 790.98 44.81 1311.82 200.51 
308.41 1030.95 800.26 47.28 1312.06 201.33 
318.7 1019.22 810.96 48.06 1314.84 200.13 
328.99 1018.98 814.29 48.91 1308.87 201.42 
339.28 1012.61 821.66 49.18 1300.29 201.69 
349.57 1005.77 824.16 51.13 1298.88 198.77 




Figure 7.27. Partial reaction order in aryl bromide 4.9 – E3. 
 
Table 7.54. Concentration data for experiment 7.5 (E3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1592 0.0817 0.0024 1.1399 
20.29 0.1565 0.0865 0.0021 1.1219 
30.58 0.1573 0.0858 0.0034 1.1012 
40.87 0.1622 0.0880 0.0041 1.1184 
51.16 0.1604 0.0888 0.0056 1.1064 
61.45 0.1583 0.0901 0.0065 1.0978 
71.74 0.1559 0.0914 0.0082 1.0887 
82.03 0.1548 0.0926 0.0101 1.0924 
92.32 0.1527 0.0937 0.0109 1.0727 
102.61 0.1541 0.0954 0.0121 1.0833 
112.9 0.1533 0.0963 0.0140 1.0727 
123.19 0.1532 0.0990 0.0157 1.0818 
133.48 0.1519 0.1005 0.0171 1.0893 
143.77 0.1500 0.0991 0.0181 1.0732 
154.06 0.1508 0.1025 0.0197 1.0781 
164.35 0.1485 0.1033 0.0215 1.0855 
174.64 0.1501 0.1043 0.0226 1.0858 















Partial Reaction Order in Aryl Bromide 4.9 - E3
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.54. (cont.) 
184.93 0.1488 0.1060 0.0237 1.0929 
195.22 0.1473 0.1047 0.0247 1.0755 
205.51 0.1459 0.1063 0.0259 1.0726 
215.8 0.1440 0.1059 0.0271 1.0784 
226.09 0.1447 0.1099 0.0290 1.0845 
236.38 0.1432 0.1088 0.0292 1.0677 
246.67 0.1423 0.1101 0.0296 1.0685 
256.96 0.1394 0.1094 0.0314 1.0518 
267.25 0.1402 0.1120 0.0330 1.0624 
277.54 0.1370 0.1095 0.0340 1.0374 
287.83 0.1381 0.1132 0.0339 1.0710 
298.12 0.1382 0.1145 0.0352 1.0696 
308.41 0.1359 0.1153 0.0379 1.0646 
318.7 0.1363 0.1167 0.0386 1.0621 
328.99 0.1349 0.1155 0.0381 1.0540 
339.28 0.1324 0.1181 0.0400 1.0604 
349.57 0.1335 0.1197 0.0404 1.0558 
359.86 0.1308 0.1175 0.0408 1.0407 
 












10 1417.10 727.10 3.63 1690.56 246.20 
20.29 1284.30 709.56 2.87 1534.23 227.02 
30.58 1242.48 677.65 4.42 1449.89 218.57 
40.87 1224.74 664.26 5.16 1407.44 208.90 
51.16 1192.70 660.63 6.93 1371.18 205.72 
61.45 1167.35 664.65 7.98 1349.28 204.03 
71.74 1153.08 676.21 10.15 1342.38 204.68 
82.03 1129.75 676.06 12.26 1328.52 201.89 
92.32 1125.50 690.48 13.38 1317.97 203.95 
102.61 1115.41 690.49 14.64 1307.16 200.31 
112.9 1106.13 694.58 16.80 1289.68 199.57 
123.19 1093.80 706.71 18.67 1287.25 197.52 
133.48 1085.97 718.43 20.38 1297.75 197.76 
143.77 1077.39 711.99 21.66 1284.54 198.69 
154.06 1073.29 729.72 23.35 1279.03 196.94 
164.35 1077.92 750.17 26.07 1313.66 200.89 
174.64 1076.54 747.86 27.01 1298.01 198.44 
184.93 1060.90 755.73 28.13 1298.39 197.21 
195.22 1063.83 755.89 29.75 1294.57 199.81 
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Table 7.55. (cont.) 
205.51 1056.16 769.59 31.18 1293.78 200.23 
215.8 1045.75 768.78 32.76 1305.36 200.93 
226.09 1031.55 783.85 34.48 1288.67 197.26 
236.38 1039.71 789.89 35.34 1291.82 200.85 
246.67 1025.33 792.92 35.52 1282.85 199.30 
256.96 1030.94 808.79 38.64 1296.17 204.56 
267.25 1015.89 811.04 39.81 1282.56 200.41 
277.54 1011.90 808.82 41.87 1277.29 204.38 
287.83 1001.83 821.01 40.96 1295.02 200.71 
298.12 991.89 821.58 42.10 1278.97 198.50 
308.41 981.74 832.73 45.65 1282.03 199.90 
318.7 985.78 843.80 46.52 1280.34 200.10 
328.99 985.24 843.25 46.41 1283.03 202.07 
339.28 969.56 864.84 48.77 1293.79 202.54 
349.57 969.40 868.76 48.85 1277.59 200.87 
359.86 965.04 866.63 50.14 1279.39 204.08 
 
Table 7.56. Summary of initial rates obtained at varying concentrations of aryl bromide 4.9. 
Run A (0.125 M) 
(M/s) 
B (0.250 M) 
(M/s) 
C (0.500 M) 
(M/s) 
D (0.750 M) 
(M/s) 
E (1.00 M) 
(M/s) 
1 4.51E-05 6.21E-05 9.48E-05 1.05E-04 1.28E-04 
2 4.57E-05 6.95E-05 9.41E-05 1.09E-04 1.27E-04 
3 4.29E-05 6.91E-05 9.13E-05 1.14E-04 1.32E-04 
Average 4.46E-05 6.69E-05 9.34E-05 1.09E-04 1.29E-04 




Figure 7.28. Partial reaction order in aryl bromide 4.9. 
Experiment 7.6: Determination of Partial Reaction Order in Boronate 4.1. 
 
In a glovebox, an oven-dried, 2-mL, volumetric flask was charged with 24.2 mg (50.0 
µmol) of arylpalladium bromide catalyst 4.2, 330 µL (3.00 mmol) of 4-bromofluorobenzene (4.9) 
using a 500 µL Hamilton syringe, and 100 µL (1.00 mmol) of 1,2-difluorobenzene using a 250 µL 
Hamilton syringe. An oven-dried, 5-mL, volumetric flask was charged with 1282 mg (10.0 mmol) 
of potassium trimethylsilanolate. Finally, an oven-dried, 5-mL flask was charged with 2446 mg of 
neopentyl 3,5-bistrifluoromethylphenylboronic ester. Sufficient THF was added to each 
volumetric to dissolve all solids, then each was diluted to the line to create three solutions: a THF 
solution of Pd catalyst 4.2 (25 mM), aryl bromide 4.9 (1.50 M) and 1,2-difluorobenzene (0.50 M), 
a THF solution of boronic ester 4.10 (1.50 M), and a THF solution of TMSOK (2.00M). Each was 
transferred by pipette into three separate 20-mL scintiliation vials, which were capped with septum 
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y = 1.28E-4*[4.9]0.49 
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cap. Finally, 18 oven-dried, 5-mm NMR tubes were capped with rubber septa. All items were 
removed from the glovebox. Of those tubes, 15 were used, and three held as backup in the event 
of an error during data collection. 
Into each NMR tube was dispensed 100 µL of the 25 mM catalyst 4.2, 1.50 M aryl bromide 
4.9 and 0.50 M 1,2-difluorobenzene solution using a 250 µL Hamilton syringe. The NMR tubes 
were charged with boronic ester and THF (not TMSOK) in sets of three (5 x 3 NMR tubes) 
according to the following table: 
Table 7.57. Preparation of samples for Experiment 7.6. 
 1.50 M 4.10 in 
THF (µL) 
THF (µL) 2.00 M TMSOK in 
THF (µL) 
A (0.083 M boronate) 60 415 25 
B (0.167 M boronate) 93.3 356.6 50 
C (0.333 M boronate) 160 240 100 
D (0.500 M boronate) 225 125 150 
E (0.667 M boronate) 300 0 200 
 
Once prepared, all 5 mm NMR tubes were cooled to –78 °C using a dry ice/acetone bath. The 
probe of a 600 MHz NMR was cooled to –25 °C, and the software was set to record 35 FIDs, each 
with one transient and a relaxation delay of 10 seconds.  
Finally, prior to data acquisition a sample was charged at –78 °C (dry ice/acetone) with  
the appropriate quantity (Table 7.57) of the 2.00 M solution of TMSOK in THF using a 250 uL 
Hamilton syringe equipped with a 10-inch needle. After waiting 10 seconds for the sample to cool 
to –78 °C the sample was mixed by holding on a vortexer for 5 seconds, cooling at –78 °C for 5 
seconds, vortexing for 5 seconds, cooling at –78 °C for 8 seconds, then vortexting for 8 seconds. 
The NMR tube was removed from the dry ice/acetone bath, wiped once with a kimwipe, placed in 
an NMR spinner, and lowered into the NMR magnet, at which time acquisition began. The time 
between removal of the NMR tube from the bath and acquisition beginning was minimal, as a 
second researcher was present to insert the sample as soon as it was placed in the bore. This process 
was repeated for each of the 15 tubes described in table 7.57. 
The initial rate at each concentration was determined as the average of the instantaneous 
rate between 100 and 200 s, measured as the change in concentration of product. Product 
 629 
concentration was determined by integration of the product aryl fluoride peak against an internal 
standard. Note – sample E1 was visibly not mixed when removed from the NMR, and the data was 
therefore discarded. Samples E2-E4 were used to determine the initial rate at 0.667M boronate 4.1. 
 
Figure 7.29. Partial reaction order in boronate 4.1 – A1. 
 
Table 7.58. Concentration data for experiment 7.6 (A1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.0804 0.0712 0.0013 0.2809 
20.29 0.0839 0.0735 0.0017 0.2753 
30.58 0.0855 0.0751 0.0018 0.2761 
40.87 0.0842 0.0744 0.0024 0.2670 
51.16 0.0867 0.0766 0.0031 0.2713 
61.45 0.0865 0.0773 0.0034 0.2693 
71.74 0.0855 0.0772 0.0043 0.2696 
82.03 0.0844 0.0786 0.0048 0.2693 
92.32 0.0840 0.0787 0.0056 0.2642 
102.61 0.0829 0.0781 0.0060 0.2610 
112.9 0.0832 0.0784 0.0070 0.2636 
123.19 0.0824 0.0791 0.0073 0.2638 
133.48 0.0812 0.0794 0.0079 0.2632 















Partial Reaction Order in Boronate 4.1 - A1 
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 630 
Table 7.58. (cont.) 
143.77 0.0819 0.0801 0.0085 0.2579 
154.06 0.0814 0.0812 0.0089 0.2643 
164.35 0.0809 0.0806 0.0092 0.2600 
174.64 0.0815 0.0824 0.0097 0.2630 
184.93 0.0792 0.0824 0.0102 0.2592 
195.22 0.0785 0.0820 0.0104 0.2596 
205.51 0.0791 0.0828 0.0110 0.2603 
215.8 0.0790 0.0830 0.0114 0.2626 
226.09 0.0776 0.0819 0.0115 0.2555 
236.38 0.0779 0.0843 0.0120 0.2570 
246.67 0.0766 0.0840 0.0124 0.2568 
256.96 0.0772 0.0846 0.0133 0.2580 
267.25 0.0768 0.0847 0.0132 0.2563 
277.54 0.0777 0.0873 0.0142 0.2591 
287.83 0.0766 0.0861 0.0142 0.2594 
298.12 0.0763 0.0873 0.0153 0.2592 
308.41 0.0760 0.0877 0.0151 0.2577 
318.7 0.0756 0.0871 0.0154 0.2571 
328.99 0.0742 0.0871 0.0156 0.2541 
339.28 0.0736 0.0879 0.0163 0.2553 
349.57 0.0736 0.0877 0.0170 0.2546 
359.86 0.0731 0.0879 0.0169 0.2525 
 












10 727.04 644.06 1.97 423.62 250.34 
20.29 684.17 599.52 2.27 374.22 225.62 
30.58 655.67 575.61 2.26 352.88 212.14 
40.87 639.73 565.46 3.06 338.31 210.30 
51.16 631.65 558.01 3.75 329.58 201.63 
61.45 622.27 555.86 4.03 322.90 199.05 
71.74 614.03 554.53 5.11 322.56 198.63 
82.03 602.68 560.93 5.65 320.46 197.54 
92.32 596.80 559.17 6.62 312.93 196.60 
102.61 591.08 557.20 7.11 310.14 197.27 
112.9 594.90 560.68 8.29 314.20 197.84 
123.19 589.26 566.10 8.72 314.49 197.92 
133.48 583.51 570.88 9.42 315.26 198.83 
143.77 590.77 577.59 10.24 310.08 199.57 
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Table 7.59. (cont.) 
154.06 581.42 580.30 10.62 314.64 197.61 
164.35 583.42 581.32 11.05 312.46 199.46 
174.64 576.77 583.21 11.49 310.08 195.72 
184.93 567.06 590.18 12.22 309.46 198.17 
195.22 566.06 591.49 12.53 312.03 199.51 
205.51 565.40 591.96 13.11 310.23 197.81 
215.8 560.88 588.67 13.45 310.58 196.33 
226.09 555.25 585.86 13.66 304.81 198.01 
236.38 551.32 596.75 14.22 303.31 195.90 
246.67 549.19 602.13 14.86 306.78 198.34 
256.96 550.23 602.84 15.83 306.32 197.08 
267.25 554.83 611.45 15.91 308.46 199.81 
277.54 548.95 616.46 16.75 304.92 195.36 
287.83 545.05 612.82 16.84 307.68 196.90 
298.12 539.57 617.62 18.06 305.63 195.72 
308.41 542.15 625.47 17.98 306.38 197.33 
318.7 539.43 621.81 18.32 305.91 197.53 
328.99 532.99 625.93 18.67 304.17 198.73 
339.28 527.47 629.29 19.42 304.76 198.17 
349.57 525.67 626.56 20.24 303.06 197.60 




Figure 7.30. Partial reaction order in boronate 4.1 – A2. 
 
Table 7.60. Concentration data for experiment 7.6 (A2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.0782 0.0739 0.0007 0.2761 
20.29 0.0814 0.0796 0.0014 0.2790 
30.58 0.0808 0.0797 0.0015 0.2729 
40.87 0.0818 0.0803 0.0020 0.2709 
51.16 0.0811 0.0821 0.0026 0.2684 
61.45 0.0809 0.0830 0.0035 0.2639 
71.74 0.0816 0.0832 0.0042 0.2668 
82.03 0.0801 0.0832 0.0051 0.2647 
92.32 0.0797 0.0847 0.0058 0.2658 
102.61 0.0790 0.0859 0.0066 0.2658 
112.9 0.0787 0.0867 0.0068 0.2633 
123.19 0.0782 0.0859 0.0078 0.2608 
133.48 0.0758 0.0854 0.0081 0.2603 
143.77 0.0774 0.0871 0.0086 0.2610 
154.06 0.0762 0.0869 0.0090 0.2611 
164.35 0.0754 0.0874 0.0098 0.2609 
174.64 0.0758 0.0884 0.0099 0.2617 















Partial Reaction Order in Boronate 4.1 - A2 
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 633 
Table 7.60. (cont.) 
184.93 0.0756 0.0888 0.0106 0.2600 
195.22 0.0752 0.0898 0.0110 0.2601 
205.51 0.0744 0.0892 0.0117 0.2602 
215.8 0.0728 0.0896 0.0119 0.2560 
226.09 0.0732 0.0902 0.0119 0.2571 
236.38 0.0736 0.0905 0.0133 0.2551 
246.67 0.0744 0.0922 0.0139 0.2598 
256.96 0.0728 0.0913 0.0137 0.2567 
267.25 0.0726 0.0929 0.0139 0.2572 
277.54 0.0706 0.0912 0.0146 0.2531 
287.83 0.0707 0.0910 0.0153 0.2522 
298.12 0.0708 0.0928 0.0154 0.2560 
308.41 0.0704 0.0942 0.0166 0.2545 
318.7 0.0698 0.0937 0.0163 0.2548 
328.99 0.0706 0.0955 0.0168 0.2543 
339.28 0.0687 0.0932 0.0169 0.2477 
349.57 0.0693 0.0937 0.0176 0.2533 
359.86 0.0698 0.0968 0.0179 0.2543 
 












10 666.90 630.23 1.05 392.30 235.85 
20.29 621.02 607.96 1.74 354.93 211.19 
30.58 595.42 587.41 1.88 335.11 203.88 
40.87 582.44 571.81 2.37 321.38 196.93 
51.16 568.40 575.60 2.99 313.64 193.95 
61.45 560.74 575.21 4.05 304.76 191.70 
71.74 559.86 570.92 4.79 305.09 189.82 
82.03 552.92 574.47 5.92 304.61 191.04 
92.32 547.15 581.57 6.68 304.23 190.01 
102.61 539.66 586.28 7.47 302.49 188.89 
112.9 538.86 593.40 7.73 300.44 189.39 
123.19 537.98 591.07 8.92 298.93 190.27 
133.48 524.38 590.87 9.37 300.25 191.48 
143.77 531.91 598.06 9.87 298.84 190.07 
154.06 523.11 596.71 10.36 298.86 189.98 
164.35 517.64 600.08 11.26 298.38 189.88 
174.64 517.98 604.44 11.32 298.07 189.09 
184.93 515.68 606.19 12.01 295.75 188.82 
195.22 513.67 613.62 12.57 296.30 189.08 
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Table 7.61. (cont.) 
205.51 507.95 608.98 13.31 296.10 188.92 
215.8 502.01 617.83 13.67 294.35 190.87 
226.09 502.29 619.48 13.58 294.16 189.92 
236.38 506.27 622.94 15.23 292.50 190.34 
246.67 500.33 619.87 15.61 291.12 186.03 
256.96 497.34 623.98 15.61 292.26 188.99 
267.25 497.87 636.96 15.91 293.73 189.62 
277.54 486.62 628.75 16.73 290.69 190.65 
287.83 491.10 631.67 17.71 291.82 192.08 
298.12 483.14 632.64 17.56 290.95 188.69 
308.41 480.43 643.23 18.85 289.66 188.91 
318.7 478.91 643.25 18.68 291.50 189.95 
328.99 481.14 651.34 19.07 289.03 188.68 
339.28 479.42 649.95 19.69 288.07 193.02 
349.57 473.04 639.05 19.99 288.10 188.77 
359.86 471.68 654.78 20.18 286.60 187.09 
 
 
Figure 7.31. Partial reaction order in boronate 4.1 – A3. 
 















Partial Reaction Order in Boronate 4.1 - A3 
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 635 
Table 7.62. Concentration data for experiment 7.6 (A3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.0627 0.0885 0.0007 0.2824 
20.29 0.0620 0.0962 0.0011 0.2762 
30.58 0.0633 0.1004 0.0009 0.2731 
40.87 0.0618 0.1024 0.0016 0.2698 
51.16 0.0621 0.1030 0.0018 0.2670 
61.45 0.0606 0.1053 0.0031 0.2719 
71.74 0.0614 0.1044 0.0036 0.2659 
82.03 0.0591 0.1040 0.0044 0.2644 
92.32 0.0602 0.1061 0.0054 0.2653 
102.61 0.0605 0.1070 0.0060 0.2653 
112.9 0.0579 0.1042 0.0063 0.2575 
123.19 0.0579 0.1082 0.0075 0.2596 
133.48 0.0599 0.1091 0.0076 0.2647 
143.77 0.0573 0.1085 0.0083 0.2615 
154.06 0.0571 0.1064 0.0086 0.2569 
164.35 0.0572 0.1080 0.0089 0.2622 
174.64 0.0575 0.1097 0.0091 0.2562 
184.93 0.0569 0.1121 0.0099 0.2634 
195.22 0.0556 0.1102 0.0104 0.2611 
205.51 0.0563 0.1080 0.0105 0.2534 
215.8 0.0552 0.1122 0.0112 0.2629 
226.09 0.0551 0.1116 0.0121 0.2619 
236.38 0.0547 0.1127 0.0120 0.2555 
246.67 0.0545 0.1132 0.0125 0.2592 
256.96 0.0549 0.1142 0.0132 0.2583 
267.25 0.0529 0.1105 0.0134 0.2551 
277.54 0.0542 0.1144 0.0136 0.2581 
287.83 0.0532 0.1125 0.0140 0.2536 
298.12 0.0522 0.1133 0.0149 0.2536 
308.41 0.0516 0.1147 0.0154 0.2541 
318.7 0.0538 0.1136 0.0155 0.2558 
328.99 0.0519 0.1169 0.0165 0.2558 
339.28 0.0518 0.1172 0.0167 0.2577 
349.57 0.0536 0.1191 0.0171 0.2599 
















10 541.23 764.15 1.00 406.51 238.92 
20.29 496.00 769.54 1.50 368.05 221.21 
30.58 476.66 756.26 1.19 342.83 208.38 
40.87 456.02 756.10 1.93 331.95 204.22 
51.16 451.18 748.52 2.21 323.52 201.11 
61.45 427.44 742.44 3.59 319.37 195.01 
71.74 437.16 742.94 4.21 315.30 196.85 
82.03 418.99 736.72 5.24 312.22 196.05 
92.32 425.16 749.38 6.32 312.27 195.36 
102.61 427.51 756.11 7.02 312.33 195.46 
112.9 417.59 751.42 7.58 309.39 199.47 
123.19 408.80 764.54 8.82 305.70 195.48 
133.48 417.31 759.58 8.78 307.16 192.65 
143.77 405.29 766.79 9.81 308.04 195.52 
154.06 408.86 762.18 10.28 306.59 198.13 
164.35 401.54 758.20 10.37 306.94 194.29 
174.64 403.23 769.20 10.68 299.27 193.92 
184.93 398.59 784.37 11.54 307.29 193.66 
195.22 390.84 774.60 12.13 305.74 194.38 
205.51 404.83 777.13 12.56 303.98 199.11 
215.8 383.17 779.29 12.93 304.33 192.16 
226.09 383.33 775.96 13.98 303.62 192.44 
236.38 384.37 792.54 14.10 299.43 194.58 
246.67 382.65 794.61 14.64 303.24 194.18 
256.96 384.74 800.66 15.38 301.84 193.97 
267.25 376.58 786.60 15.92 302.56 196.88 
277.54 377.47 796.69 15.83 299.56 192.63 
287.83 378.51 799.71 16.57 300.61 196.74 
298.12 370.60 803.79 17.64 299.97 196.35 
308.41 363.94 809.44 18.08 298.79 195.18 
318.7 378.16 799.18 18.17 299.91 194.65 
328.99 364.33 821.59 19.36 299.49 194.37 
339.28 357.25 808.77 19.25 296.42 190.94 
349.57 367.19 816.15 19.52 296.85 189.62 




Figure 7.32. Partial reaction order in boronate 4.1 – B1. 
 
Table 7.64. Concentration data for experiment 7.6 (B1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1735 0.0832 0.0024 0.2849 
20.29 0.1718 0.0837 0.0024 0.2747 
30.58 0.1745 0.0844 0.0029 0.2723 
40.87 0.1745 0.0870 0.0035 0.2705 
51.16 0.1764 0.0871 0.0048 0.2702 
61.45 0.1764 0.0881 0.0061 0.2694 
71.74 0.1740 0.0881 0.0068 0.2644 
82.03 0.1740 0.0901 0.0075 0.2645 
92.32 0.1749 0.0910 0.0085 0.2671 
102.61 0.1720 0.0891 0.0089 0.2620 
112.9 0.1718 0.0921 0.0099 0.2644 
123.19 0.1690 0.0917 0.0109 0.2607 
133.48 0.1708 0.0934 0.0115 0.2638 
143.77 0.1693 0.0922 0.0122 0.2568 
154.06 0.1700 0.0940 0.0129 0.2638 
164.35 0.1689 0.0951 0.0137 0.2573 
174.64 0.1675 0.0956 0.0145 0.2597 















Partial Reaction Order in Boronate 4.1 - B1
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 638 
Table 7.64. (cont.) 
184.93 0.1666 0.0956 0.0149 0.2575 
195.22 0.1662 0.0964 0.0154 0.2564 
205.51 0.1657 0.0953 0.0158 0.2525 
215.8 0.1676 0.0980 0.0162 0.2562 
226.09 0.1630 0.0973 0.0171 0.2556 
236.38 0.1654 0.0974 0.0180 0.2554 
246.67 0.1630 0.0995 0.0184 0.2556 
256.96 0.1617 0.0970 0.0194 0.2537 
267.25 0.1618 0.1002 0.0195 0.2513 
277.54 0.1633 0.1010 0.0206 0.2529 
287.83 0.1612 0.1014 0.0206 0.2523 
298.12 0.1649 0.1034 0.0214 0.2570 
308.41 0.1613 0.1029 0.0219 0.2490 
318.7 0.1589 0.1020 0.0226 0.2502 
328.99 0.1593 0.1023 0.0228 0.2502 
339.28 0.1610 0.1037 0.0236 0.2522 
349.57 0.1578 0.1035 0.0241 0.2490 
359.86 0.1583 0.1043 0.0245 0.2488 
 












10 1471.32 705.462 3.445 402.536 234.559 
20.29 1358.28 661.659 3.143 361.904 218.723 
30.58 1308.54 633.388 3.57 340.452 207.523 
40.87 1268.5 632.382 4.265 327.77 201.135 
51.16 1250.61 617.506 5.623 319.204 196.13 
61.45 1238.95 618.763 7.119 315.235 194.278 
71.74 1221.52 618.387 7.944 309.335 194.185 
82.03 1208.14 625.831 8.68 306.08 192.131 
92.32 1204.41 626.725 9.731 306.532 190.497 
102.61 1200.19 622.085 10.375 304.727 193.107 
112.9 1189.06 637.347 11.417 304.962 191.48 
123.19 1178.81 639.432 12.679 303.084 192.995 
133.48 1177.54 643.903 13.171 303.236 190.786 
143.77 1172.06 638.485 14.074 296.252 191.506 
154.06 1164.33 643.992 14.769 301.143 189.494 
164.35 1162.96 654.903 15.71 295.229 190.47 
174.64 1156.74 660.324 16.663 298.993 191.096 
184.93 1155.48 663.293 17.213 297.724 191.913 
195.22 1152.94 668.861 17.769 296.485 191.969 
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Table 7.65. (cont.) 
205.51 1150.78 661.858 18.339 292.327 192.196 
215.8 1149.22 672.151 18.467 292.867 189.762 
226.09 1127.52 673.1 19.721 294.687 191.368 
236.38 1139.24 671.034 20.657 293.319 190.616 
246.67 1124.93 686.874 21.107 293.889 190.897 
256.96 1121.16 672.512 22.367 293.148 191.791 
267.25 1111.08 687.772 22.296 287.549 189.976 
277.54 1111.81 687.679 23.359 286.91 188.309 
287.83 1108.39 697.042 23.647 289.163 190.225 
298.12 1113.19 697.959 24.107 289.065 186.729 
308.41 1105.15 705.186 24.95 284.29 189.525 
318.7 1101.13 706.978 26.101 289.049 191.77 
328.99 1097.78 704.814 26.229 287.367 190.642 
339.28 1095.53 705.99 26.752 285.996 188.265 
349.57 1085.53 712.053 27.676 285.493 190.325 
359.86 1089.67 718.124 28.119 285.452 190.422 
 
 
Figure 7.33. Partial reaction order in boronate 4.1 – B2. 
 















Partial Reaction Order in Boronate 4.1 - B2
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 640 
Table 7.66. Concentration data for experiment 7.6 (B2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1669 0.0814 0.0018 0.2790 
20.29 0.1694 0.0855 0.0019 0.2721 
30.58 0.1691 0.0867 0.0025 0.2727 
40.87 0.1681 0.0884 0.0038 0.2689 
51.16 0.1677 0.0899 0.0049 0.2661 
61.45 0.1691 0.0912 0.0057 0.2679 
71.74 0.1677 0.0920 0.0063 0.2656 
82.03 0.1667 0.0915 0.0071 0.2645 
92.32 0.1666 0.0917 0.0079 0.2623 
102.61 0.1658 0.0940 0.0091 0.2610 
112.9 0.1647 0.0938 0.0097 0.2629 
123.19 0.1653 0.0941 0.0101 0.2602 
133.48 0.1647 0.0966 0.0115 0.2625 
143.77 0.1636 0.0955 0.0124 0.2594 
154.06 0.1611 0.0958 0.0127 0.2580 
164.35 0.1609 0.0960 0.0135 0.2572 
174.64 0.1618 0.0987 0.0142 0.2589 
184.93 0.1611 0.0987 0.0147 0.2581 
195.22 0.1635 0.1002 0.0158 0.2620 
205.51 0.1597 0.0992 0.0161 0.2571 
215.8 0.1598 0.1011 0.0167 0.2597 
226.09 0.1618 0.1020 0.0173 0.2611 
236.38 0.1574 0.0998 0.0175 0.2530 
246.67 0.1585 0.1023 0.0181 0.2554 
256.96 0.1581 0.1024 0.0189 0.2550 
267.25 0.1586 0.1030 0.0197 0.2577 
277.54 0.1556 0.1025 0.0199 0.2479 
287.83 0.1553 0.1020 0.0204 0.2485 
298.12 0.1559 0.1040 0.0219 0.2533 
308.41 0.1532 0.1038 0.0217 0.2486 
318.7 0.1528 0.1044 0.0225 0.2508 
328.99 0.1541 0.1055 0.0229 0.2508 
339.28 0.1544 0.1064 0.0232 0.2492 
349.57 0.1552 0.1074 0.0244 0.2511 
















10 1389.23 677.52 2.55 386.99 230.24 
20.29 1306.25 659.26 2.45 349.78 213.36 
30.58 1253.78 642.96 3.03 337.05 205.13 
40.87 1220.59 641.63 4.63 325.36 200.84 
51.16 1198.74 642.28 5.80 316.95 197.75 
61.45 1185.63 639.73 6.65 313.10 193.98 
71.74 1172.75 643.87 7.31 309.69 193.52 
82.03 1168.07 641.49 8.25 308.92 193.92 
92.32 1163.91 640.63 9.24 305.42 193.30 
102.61 1157.46 655.99 10.57 303.57 193.09 
112.9 1144.11 651.47 11.18 304.30 192.17 
123.19 1150.01 654.75 11.72 301.74 192.53 
133.48 1133.97 665.16 13.24 301.18 190.43 
143.77 1138.62 664.44 14.36 300.93 192.54 
154.06 1123.76 668.64 14.78 300.02 193.03 
164.35 1120.93 668.95 15.64 298.62 192.76 
174.64 1120.73 683.50 16.41 298.84 191.62 
184.93 1111.96 681.25 16.91 296.83 190.91 
195.22 1115.18 683.23 17.92 297.86 188.74 
205.51 1102.19 684.31 18.54 295.70 190.90 
215.8 1093.07 691.69 19.00 296.05 189.26 
226.09 1096.87 691.47 19.58 295.01 187.57 
236.38 1088.62 690.20 20.19 291.68 191.40 
246.67 1094.98 706.94 20.86 294.04 191.14 
256.96 1088.81 705.75 21.71 292.76 190.59 
267.25 1083.11 702.96 22.46 293.30 188.91 
277.54 1081.44 712.04 22.99 287.08 192.24 
287.83 1082.53 711.07 23.73 288.70 192.85 
298.12 1072.53 715.09 25.12 290.42 190.30 
308.41 1073.96 727.64 25.32 290.44 193.97 
318.7 1056.70 722.30 25.99 289.03 191.33 
328.99 1058.38 724.57 26.25 287.05 189.96 
339.28 1068.40 736.30 26.73 287.48 191.51 
349.57 1061.51 734.62 27.78 286.37 189.28 




Figure 7.34. Partial reaction order in boronate 4.1 – B3 
 
Table 7.68. Concentration data for experiment 7.6 (B3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1678 0.0729 0.0015 0.2789 
20.29 0.1675 0.0817 0.0018 0.2764 
30.58 0.1686 0.0842 0.0023 0.2737 
40.87 0.1670 0.0853 0.0033 0.2716 
51.16 0.1668 0.0867 0.0045 0.2675 
61.45 0.1677 0.0891 0.0057 0.2681 
71.74 0.1679 0.0898 0.0064 0.2686 
82.03 0.1671 0.0896 0.0070 0.2676 
92.32 0.1649 0.0892 0.0072 0.2660 
102.61 0.1647 0.0911 0.0090 0.2641 
112.9 0.1643 0.0922 0.0100 0.2608 
123.19 0.1625 0.0918 0.0103 0.2613 
133.48 0.1629 0.0928 0.0110 0.2634 
143.77 0.1620 0.0935 0.0118 0.2603 
154.06 0.1589 0.0928 0.0125 0.2576 
164.35 0.1627 0.0960 0.0132 0.2623 
174.64 0.1582 0.0941 0.0144 0.2554 















Partial Reaction Order in Boronate 4.1 - B3
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 643 
Table 7.68. (cont.) 
184.93 0.1594 0.0954 0.0141 0.2571 
195.22 0.1585 0.0963 0.0147 0.2583 
205.51 0.1605 0.0972 0.0164 0.2580 
215.8 0.1599 0.0980 0.0169 0.2603 
226.09 0.1569 0.0982 0.0175 0.2582 
236.38 0.1581 0.0992 0.0176 0.2546 
246.67 0.1593 0.1002 0.0184 0.2546 
256.96 0.1559 0.0995 0.0193 0.2511 
267.25 0.1561 0.0985 0.0191 0.2540 
277.54 0.1547 0.1013 0.0201 0.2512 
287.83 0.1542 0.1010 0.0206 0.2533 
298.12 0.1520 0.1008 0.0213 0.2486 
308.41 0.1546 0.1021 0.0227 0.2515 
318.7 0.1534 0.1033 0.0224 0.2518 
328.99 0.1519 0.1030 0.0231 0.2495 
339.28 0.1548 0.1058 0.0245 0.2501 
349.57 0.1514 0.1024 0.0236 0.2476 
359.86 0.1518 0.1055 0.0248 0.2505 
 












10 1422.81 618.22 2.13 394.18 234.58 
20.29 1325.21 646.40 2.32 364.39 218.86 
30.58 1270.33 634.36 2.92 343.59 208.40 
40.87 1224.24 625.22 4.08 331.90 202.86 
51.16 1209.85 628.92 5.44 323.45 200.73 
61.45 1193.99 634.28 6.72 318.10 196.96 
71.74 1187.10 634.73 7.56 316.49 195.61 
82.03 1172.53 628.98 8.20 313.01 194.14 
92.32 1160.05 627.17 8.48 311.80 194.59 
102.61 1163.32 643.63 10.57 310.88 195.43 
112.9 1150.22 645.41 11.70 304.31 193.66 
123.19 1149.57 649.54 12.14 308.07 195.68 
133.48 1138.13 648.32 12.81 306.61 193.26 
143.77 1148.53 662.71 13.98 307.56 196.10 
154.06 1131.90 661.47 14.82 305.85 197.12 
164.35 1128.01 665.48 15.22 303.11 191.83 
174.64 1122.03 667.87 16.98 301.99 196.27 
184.93 1123.67 672.65 16.58 302.08 195.08 
195.22 1112.97 676.05 17.16 302.39 194.31 
 644 
Table 7.69. (cont.) 
205.51 1119.75 678.24 19.13 300.04 193.08 
215.8 1106.07 677.53 19.49 300.07 191.37 
226.09 1091.87 683.66 20.28 299.52 192.54 
236.38 1110.43 697.00 20.59 298.07 194.37 
246.67 1093.63 687.77 21.04 291.32 189.93 
256.96 1094.40 698.46 22.54 293.92 194.27 
267.25 1093.50 689.79 22.29 296.57 193.83 
277.54 1091.44 714.72 23.69 295.49 195.25 
287.83 1083.03 709.73 24.09 296.54 194.32 
298.12 1074.71 712.84 25.12 293.01 195.63 
308.41 1085.57 717.19 26.55 294.40 194.33 
318.7 1076.48 724.83 26.18 294.55 194.19 
328.99 1073.92 728.45 27.20 294.07 195.65 
339.28 1068.50 730.61 28.21 287.75 190.99 
349.57 1063.30 719.51 27.66 289.87 194.31 
359.86 1055.09 733.31 28.77 290.25 192.36 
 
Figure 7.35. Partial reaction order in boronate 4.1 – C1. 
 
 

















Partial Reaction Order in Boronate 4.1 - C1
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 645 
Table 7.70. Concentration data for experiment 7.6 (C1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.3395 0.0856 0.0035 0.2788 
20.29 0.3446 0.0887 0.0040 0.2745 
30.58 0.3416 0.0873 0.0048 0.2738 
40.87 0.3434 0.0890 0.0061 0.2723 
51.16 0.3414 0.0909 0.0080 0.2712 
61.45 0.3458 0.0926 0.0101 0.2707 
71.74 0.3394 0.0935 0.0116 0.2643 
82.03 0.3413 0.0959 0.0129 0.2662 
92.32 0.3388 0.0947 0.0145 0.2630 
102.61 0.3318 0.0951 0.0157 0.2582 
112.9 0.3344 0.0975 0.0168 0.2575 
123.19 0.3368 0.0991 0.0176 0.2603 
133.48 0.3328 0.1000 0.0190 0.2555 
143.77 0.3333 0.1006 0.0196 0.2570 
154.06 0.3329 0.1000 0.0206 0.2525 
164.35 0.3286 0.1013 0.0215 0.2538 
174.64 0.3287 0.1016 0.0226 0.2533 
184.93 0.3348 0.1041 0.0242 0.2573 
195.22 0.3295 0.1042 0.0251 0.2548 
205.51 0.3273 0.1057 0.0256 0.2521 
215.8 0.3281 0.1064 0.0265 0.2478 
226.09 0.3317 0.1072 0.0280 0.2539 
236.38 0.3267 0.1067 0.0284 0.2485 
246.67 0.3244 0.1079 0.0293 0.2485 
256.96 0.3235 0.1090 0.0296 0.2470 
267.25 0.3274 0.1112 0.0312 0.2485 
277.54 0.3244 0.1111 0.0322 0.2464 
287.83 0.3217 0.1123 0.0328 0.2444 
298.12 0.3225 0.1125 0.0338 0.2423 
308.41 0.3273 0.1138 0.0350 0.2472 
318.7 0.3198 0.1136 0.0357 0.2431 
328.99 0.3221 0.1159 0.0367 0.2431 
339.28 0.3183 0.1146 0.0361 0.2397 
349.57 0.3213 0.1170 0.0379 0.2427 
















10 2830.15 713.73 4.81 387.41 230.67 
20.29 2647.69 681.85 5.16 351.56 212.59 
30.58 2547.58 651.28 5.94 340.38 206.34 
40.87 2485.49 644.07 7.33 328.49 200.28 
51.16 2427.09 645.94 9.48 321.33 196.71 
61.45 2403.22 643.39 11.70 313.49 192.27 
71.74 2384.99 656.65 13.61 309.52 194.39 
82.03 2368.72 665.33 14.89 307.90 192.04 
92.32 2355.80 658.28 16.81 304.86 192.39 
102.61 2329.61 667.90 18.38 302.16 194.26 
112.9 2330.43 679.25 19.46 299.08 192.80 
123.19 2322.75 683.60 20.23 299.19 190.83 
133.48 2314.41 695.59 21.99 296.15 192.41 
143.77 2318.91 699.67 22.71 298.08 192.50 
154.06 2309.62 693.96 23.87 291.98 191.96 
164.35 2296.81 707.67 25.09 295.58 193.36 
174.64 2285.09 706.26 26.22 293.55 192.36 
184.93 2285.57 710.93 27.55 292.74 188.87 
195.22 2264.67 716.45 28.72 291.89 190.16 
205.51 2273.68 734.44 29.68 291.95 192.21 
215.8 2270.93 736.15 30.53 285.86 191.47 
226.09 2262.69 731.12 31.89 288.68 188.75 
236.38 2259.80 737.94 32.78 286.57 191.40 
246.67 2251.19 749.02 33.87 287.38 191.97 
256.96 2241.67 755.22 34.22 285.27 191.72 
267.25 2245.49 762.95 35.63 284.08 189.78 
277.54 2235.96 765.97 37.01 283.04 190.71 
287.83 2227.45 777.64 37.82 282.04 191.59 
298.12 2221.30 774.87 38.76 278.13 190.54 
308.41 2236.30 777.27 39.85 281.46 189.01 
318.7 2225.84 790.58 41.40 281.96 192.57 
328.99 2226.93 801.38 42.25 280.12 191.31 
339.28 2223.84 800.54 42.09 279.12 193.29 
349.57 2209.30 804.46 43.39 278.11 190.21 




Figure 7.36. Partial reaction order in boronate 4.1 – C2. 
 
Table 7.72. Concentration data for experiment 7.6 (C2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.3277 0.0931 0.0034 0.2760 
20.29 0.3314 0.0944 0.0037 0.2759 
30.58 0.3364 0.0961 0.0045 0.2766 
40.87 0.3354 0.0962 0.0063 0.2730 
51.16 0.3394 0.0993 0.0079 0.2730 
61.45 0.3311 0.0987 0.0092 0.2653 
71.74 0.3337 0.0997 0.0113 0.2657 
82.03 0.3310 0.1018 0.0129 0.2641 
92.32 0.3307 0.1035 0.0148 0.2643 
102.61 0.3297 0.1046 0.0153 0.2626 
112.9 0.3299 0.1047 0.0171 0.2620 
123.19 0.3284 0.1041 0.0175 0.2597 
133.48 0.3383 0.1093 0.0195 0.2650 
143.77 0.3237 0.1057 0.0192 0.2555 
154.06 0.3263 0.1079 0.0206 0.2573 
164.35 0.3243 0.1092 0.0217 0.2568 
174.64 0.3276 0.1107 0.0227 0.2578 

















Partial Reaction Order in Boronate 4.1 - C2
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 648 
Table 7.72. (cont.) 
184.93 0.3188 0.1095 0.0234 0.2509 
195.22 0.3244 0.1116 0.0248 0.2531 
205.51 0.3223 0.1129 0.0266 0.2544 
215.8 0.3247 0.1126 0.0271 0.2539 
226.09 0.3222 0.1145 0.0275 0.2518 
236.38 0.3200 0.1146 0.0280 0.2521 
246.67 0.3247 0.1175 0.0299 0.2506 
256.96 0.3176 0.1164 0.0300 0.2485 
267.25 0.3172 0.1171 0.0306 0.2468 
277.54 0.3157 0.1165 0.0321 0.2475 
287.83 0.3112 0.1176 0.0316 0.2443 
298.12 0.3178 0.1195 0.0341 0.2465 
308.41 0.3105 0.1197 0.0339 0.2410 
318.7 0.3144 0.1199 0.0358 0.2435 
328.99 0.3142 0.1222 0.0362 0.2437 
339.28 0.3098 0.1194 0.0360 0.2358 
349.57 0.3064 0.1198 0.0371 0.2373 
359.86 0.3143 0.1260 0.0388 0.2438 
 












10 2783.91 790.89 4.88 390.81 235.02 
20.29 2598.45 740.36 4.88 360.54 216.92 
30.58 2492.91 711.95 5.61 341.64 205.04 
40.87 2428.09 696.55 7.57 329.39 200.31 
51.16 2384.01 697.84 9.31 319.65 194.36 
61.45 2354.99 701.77 10.93 314.55 196.78 
71.74 2335.89 697.50 13.17 309.99 193.65 
82.03 2318.84 713.10 15.11 308.43 193.85 
92.32 2303.66 720.70 17.23 306.86 192.71 
102.61 2291.32 727.15 17.74 304.17 192.29 
112.9 2278.34 723.32 19.71 301.58 191.05 
123.19 2276.76 722.07 20.24 300.03 191.82 
133.48 2280.09 736.82 21.89 297.68 186.48 
143.77 2258.73 737.62 22.38 297.12 193.04 
154.06 2248.54 743.52 23.68 295.46 190.64 
164.35 2251.19 757.98 25.05 297.07 192.05 
174.64 2242.43 757.72 25.93 294.13 189.40 
184.93 2226.74 765.06 27.25 292.11 193.23 
195.22 2231.66 767.39 28.39 290.13 190.32 
 649 
Table 7.73. (cont.) 
205.51 2215.59 776.47 30.45 291.46 190.21 
215.8 2218.49 769.72 30.82 289.16 189.05 
226.09 2201.46 782.33 31.37 286.74 189.04 
236.38 2197.66 787.18 32.11 288.53 190.01 
246.67 2198.12 795.64 33.78 282.70 187.29 
256.96 2191.87 803.10 34.50 285.84 190.91 
267.25 2189.06 808.26 35.16 283.87 190.92 
277.54 2170.58 800.89 36.83 283.56 190.22 
287.83 2176.48 822.67 36.87 284.78 193.48 
298.12 2185.73 822.03 39.13 282.54 190.27 
308.41 2159.08 832.13 39.27 279.35 192.39 
318.7 2168.93 827.42 41.13 280.03 190.87 
328.99 2160.67 840.14 41.53 279.36 190.25 
339.28 2157.81 831.57 41.85 273.77 192.73 
349.57 2144.17 838.40 43.27 276.76 193.62 
359.86 2135.14 855.71 43.93 275.99 187.94 
 
Figure 7.37. Partial reaction 
 order in boronate 4.1 – C3. 
 

















Partial Reaction Order in Boronate 4.1 - C3
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 650 
Table 7.74. Concentration data for experiment 7.6 (C3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.3321 0.0873 0.0029 0.2770 
20.29 0.3330 0.0904 0.0033 0.2741 
30.58 0.3363 0.0926 0.0039 0.2751 
40.87 0.3350 0.0951 0.0055 0.2709 
51.16 0.3337 0.0955 0.0073 0.2679 
61.45 0.3328 0.0979 0.0090 0.2672 
71.74 0.3316 0.0989 0.0109 0.2662 
82.03 0.3319 0.1002 0.0128 0.2645 
92.32 0.3285 0.0996 0.0136 0.2606 
102.61 0.3324 0.1022 0.0155 0.2631 
112.9 0.3277 0.1026 0.0165 0.2578 
123.19 0.3273 0.1044 0.0179 0.2598 
133.48 0.3229 0.1020 0.0186 0.2554 
143.77 0.3254 0.1050 0.0195 0.2571 
154.06 0.3255 0.1055 0.0206 0.2564 
164.35 0.3256 0.1096 0.0218 0.2533 
174.64 0.3231 0.1083 0.0229 0.2538 
184.93 0.3233 0.1109 0.0239 0.2557 
195.22 0.3254 0.1123 0.0250 0.2537 
205.51 0.3258 0.1133 0.0264 0.2558 
215.8 0.3203 0.1120 0.0269 0.2509 
226.09 0.3251 0.1142 0.0281 0.2547 
236.38 0.3165 0.1107 0.0280 0.2479 
246.67 0.3218 0.1144 0.0303 0.2513 
256.96 0.3168 0.1140 0.0306 0.2473 
267.25 0.3176 0.1156 0.0314 0.2491 
277.54 0.3111 0.1159 0.0313 0.2449 
287.83 0.3127 0.1169 0.0325 0.2442 
298.12 0.3143 0.1189 0.0337 0.2378 
308.41 0.3127 0.1180 0.0344 0.2419 
318.7 0.3093 0.1181 0.0347 0.2379 
328.99 0.3113 0.1205 0.0363 0.2427 
339.28 0.3099 0.1189 0.0366 0.2407 
349.57 0.3108 0.1229 0.0387 0.2396 
















10 2774.5 729.307 4.099 385.651 231.14 
20.29 2594.31 704.067 4.293 355.834 215.538 
30.58 2486.88 685.085 4.846 339.096 204.601 
40.87 2418.11 686.166 6.567 325.94 199.708 
51.16 2369.78 678.368 8.658 317.154 196.492 
61.45 2337.52 687.798 10.557 312.751 194.305 
71.74 2313.91 689.98 12.662 309.686 193.084 
82.03 2303.2 695.419 14.828 305.841 191.971 
92.32 2294.61 695.616 15.813 303.389 193.279 
102.61 2285.27 702.654 17.704 301.523 190.214 
112.9 2268.51 710.054 19.086 297.478 191.523 
123.19 2265.36 722.288 20.598 299.692 191.485 
133.48 2249.97 710.709 21.642 296.572 192.78 
143.77 2250.04 725.972 22.462 296.285 191.321 
154.06 2244.93 727.963 23.737 294.752 190.819 
164.35 2240.06 753.94 24.992 290.384 190.312 
174.64 2232.15 748.332 26.396 292.222 191.164 
184.93 2226.73 763.896 27.382 293.623 190.583 
195.22 2209.28 762.791 28.253 287.11 187.866 
205.51 2217.85 771.112 29.915 290.282 188.345 
215.8 2198.95 769.047 30.787 287.109 189.937 
226.09 2186.36 767.79 31.484 285.503 186.043 
236.38 2192.89 767.043 32.366 286.294 191.696 
246.67 2194.49 780.104 34.436 285.622 188.682 
256.96 2192.93 789.137 35.265 285.301 191.5 
267.25 2162.6 787.158 35.637 282.762 188.413 
277.54 2159.49 804.414 36.226 283.244 192.02 
287.83 2157.36 806.62 37.342 280.862 190.899 
298.12 2169.87 821.022 38.809 273.629 191.004 
308.41 2159.04 814.679 39.557 278.323 191.015 
318.7 2155.03 822.698 40.261 276.272 192.776 
328.99 2142.82 829.176 41.598 278.47 190.453 
339.28 2133 818.526 41.966 276.16 190.451 
349.57 2143.4 847.684 44.462 275.407 190.827 




Figure 7.38. Partial reaction order in boronate 4.1 – D1. 
 
Table 7.76. Concentration data for experiment 7.6 (D1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.5112 0.0881 0.0075 0.2770 
20.29 0.5143 0.0888 0.0077 0.2767 
30.58 0.5155 0.0853 0.0085 0.2740 
40.87 0.5241 0.0850 0.0100 0.2734 
51.16 0.5122 0.0885 0.0121 0.2665 
61.45 0.5159 0.0875 0.0149 0.2655 
71.74 0.5124 0.0937 0.0180 0.2640 
82.03 0.5122 0.0957 0.0197 0.2615 
92.32 0.5085 0.0975 0.0219 0.2583 
102.61 0.5038 0.0989 0.0241 0.2561 
112.9 0.5030 0.1010 0.0261 0.2545 
123.19 0.4999 0.0979 0.0277 0.2511 
133.48 0.4992 0.1031 0.0291 0.2499 
143.77 0.4952 0.0993 0.0306 0.2477 
154.06 0.5031 0.1069 0.0325 0.2480 
164.35 0.4970 0.1036 0.0336 0.2459 
174.64 0.4929 0.1051 0.0349 0.2448 















Partial Reaction Order in Boronate 4.1 - D1
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 653 
Table 7.76. (cont.) 
184.93 0.4948 0.1119 0.0365 0.2448 
195.22 0.4916 0.1109 0.0382 0.2427 
205.51 0.4937 0.1100 0.0390 0.2425 
215.8 0.4927 0.1151 0.0400 0.2413 
226.09 0.4925 0.1125 0.0415 0.2391 
236.38 0.4953 0.1128 0.0433 0.2401 
246.67 0.4886 0.1165 0.0440 0.2373 
256.96 0.4845 0.1146 0.0448 0.2318 
267.25 0.4812 0.1173 0.0459 0.2326 
277.54 0.4836 0.1149 0.0472 0.2340 
287.83 0.4823 0.1197 0.0485 0.2312 
298.12 0.4787 0.1213 0.0488 0.2297 
308.41 0.4887 0.1239 0.0510 0.2302 
318.7 0.4843 0.1201 0.0522 0.2300 
328.99 0.4743 0.1226 0.0529 0.2251 
339.28 0.4807 0.1272 0.0546 0.2280 
349.57 0.4808 0.1258 0.0559 0.2268 
359.86 0.4854 0.1273 0.0575 0.2294 
 












10 4286.01 738.501 10.448 387.019 231.942 
20.29 3998.38 690.181 9.965 358.502 215.074 
30.58 3842.51 635.736 10.508 340.393 206.229 
40.87 3747.57 608.018 11.927 325.907 197.849 
51.16 3651.99 631.262 14.393 316.758 197.282 
61.45 3603.3 611.435 17.346 309.046 193.227 
71.74 3549.56 649.31 20.781 304.776 191.659 
82.03 3525.68 658.669 22.551 299.941 190.431 
92.32 3502.97 671.73 25.186 296.565 190.582 
102.61 3482.9 683.888 27.751 295.011 191.256 
112.9 3465.47 695.978 29.993 292.213 190.619 
123.19 3466.55 678.544 32.054 290.257 191.849 
133.48 3448.11 712.061 33.556 287.709 191.093 
143.77 3425.22 687.095 35.287 285.571 191.355 
154.06 3426.96 728.386 36.883 281.572 188.457 
164.35 3431.02 715.252 38.614 282.888 191.008 
174.64 3402.14 725.625 40.097 281.61 190.946 
184.93 3406.5 770.151 41.838 280.927 190.46 
195.22 3393.54 765.259 43.905 279.246 190.992 
 654 
Table 7.77. (cont.) 
205.51 3389.3 755.088 44.569 277.5 189.932 
215.8 3384.67 790.655 45.782 276.268 190.056 
226.09 3381.48 772.527 47.526 273.546 189.941 
236.38 3373.08 768.043 49.113 272.532 188.412 
246.67 3359.25 801.279 50.389 271.941 190.219 
256.96 3357.93 794.197 51.781 267.734 191.769 
267.25 3335.38 812.716 53.023 268.746 191.767 
277.54 3318.15 787.992 54.001 267.553 189.815 
287.83 3321.65 824.434 55.64 265.417 190.542 
298.12 3316.4 840.08 56.391 265.224 191.668 
308.41 3320.66 842.198 57.719 260.706 188.003 
318.7 3306.93 820.18 59.406 261.799 188.924 
328.99 3288.2 850.154 61.144 260.115 191.802 
339.28 3283.1 868.73 62.165 259.538 188.964 
349.57 3272.94 856.528 63.386 257.295 188.325 
359.86 3269.58 857.348 64.523 257.501 186.354 
 
 
Figure 7.39. Partial reaction order in boronate 4.1 – D2. 
 















Partial Reaction Order in Boronate 4.1 - D2
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 655 
Table 7.78. Concentration data for experiment 7.6 (D2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.5128 0.0778 0.0055 0.2747 
20.29 0.5133 0.0826 0.0055 0.2729 
30.58 0.5112 0.0816 0.0061 0.2745 
40.87 0.5127 0.0841 0.0080 0.2732 
51.16 0.5086 0.0841 0.0100 0.2672 
61.45 0.5135 0.0884 0.0126 0.2683 
71.74 0.5072 0.0899 0.0151 0.2641 
82.03 0.5094 0.0920 0.0183 0.2635 
92.32 0.5082 0.0944 0.0200 0.2597 
102.61 0.5020 0.0946 0.0226 0.2577 
112.9 0.4962 0.0955 0.0243 0.2528 
123.19 0.4993 0.0994 0.0263 0.2553 
133.48 0.4983 0.0994 0.0279 0.2542 
143.77 0.4913 0.0984 0.0294 0.2469 
154.06 0.4968 0.1040 0.0312 0.2520 
164.35 0.4941 0.1037 0.0320 0.2457 
174.64 0.4911 0.1023 0.0339 0.2454 
184.93 0.4868 0.1048 0.0345 0.2449 
195.22 0.4888 0.1063 0.0363 0.2452 
205.51 0.4884 0.1091 0.0375 0.2420 
215.8 0.4861 0.1111 0.0386 0.2426 
226.09 0.4883 0.1120 0.0402 0.2422 
236.38 0.4834 0.1106 0.0406 0.2393 
246.67 0.4860 0.1150 0.0427 0.2396 
256.96 0.4837 0.1158 0.0428 0.2380 
267.25 0.4797 0.1138 0.0437 0.2328 
277.54 0.4817 0.1166 0.0467 0.2335 
287.83 0.4842 0.1162 0.0479 0.2354 
298.12 0.4788 0.1193 0.0485 0.2308 
308.41 0.4752 0.1175 0.0494 0.2303 
318.7 0.4763 0.1207 0.0513 0.2316 
328.99 0.4721 0.1202 0.0519 0.2263 
339.28 0.4721 0.1212 0.0515 0.2204 
349.57 0.4801 0.1252 0.0545 0.2303 
















10 4284.42 650.36 7.64 382.46 231.16 
20.29 3982.68 641.13 7.08 352.91 214.65 
30.58 3813.71 608.48 7.60 341.28 206.40 
40.87 3704.52 607.80 9.61 328.95 199.89 
51.16 3645.09 602.72 11.99 319.23 198.30 
61.45 3591.50 617.97 14.73 312.72 193.51 
71.74 3553.65 629.79 17.69 308.34 193.83 
82.03 3523.49 636.20 21.13 303.78 191.37 
92.32 3514.04 652.74 23.07 299.35 191.32 
102.61 3482.20 656.00 26.11 297.91 191.91 
112.9 3469.87 668.08 28.27 294.57 193.46 
123.19 3456.07 688.26 30.39 294.57 191.51 
133.48 3440.37 686.06 32.12 292.45 191.01 
143.77 3455.44 692.14 34.41 289.48 194.60 
154.06 3424.94 717.09 35.81 289.56 190.74 
164.35 3423.10 718.82 37.00 283.69 191.69 
174.64 3404.60 709.24 39.16 283.51 191.81 
184.93 3388.99 729.64 40.00 284.14 192.61 
195.22 3384.59 736.23 41.91 282.92 191.57 
205.51 3391.15 757.69 43.43 280.06 192.09 
215.8 3371.83 770.90 44.68 280.48 191.91 
226.09 3372.11 773.30 46.27 278.74 191.07 
236.38 3349.24 766.56 46.83 276.37 191.69 
246.67 3345.57 791.52 48.93 274.87 190.44 
256.96 3331.18 797.72 49.19 273.25 190.55 
267.25 3345.46 793.87 50.79 270.59 192.93 
277.54 3328.34 805.45 53.76 268.84 191.16 
287.83 3306.70 793.41 54.48 267.89 188.93 
298.12 3291.70 820.36 55.59 264.43 190.22 
308.41 3303.42 817.02 57.25 266.82 192.33 
318.7 3287.04 832.81 59.05 266.34 190.94 
328.99 3288.84 837.49 60.28 262.74 192.75 
339.28 3297.81 846.71 59.95 256.63 193.27 
349.57 3263.21 850.75 61.71 260.92 188.05 




Figure 7.40. Partial reaction order in boronate 4.1 – D3. 
 
Table 7.80. Concentration data for experiment 7.6 (D3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 4206.57 711.75 7.03 386.53 
20.29 3914.24 687.41 6.50 359.80 
30.58 3764.65 671.08 7.68 345.21 
40.87 3674.07 652.73 9.10 334.31 
51.16 3604.15 656.97 12.21 323.93 
61.45 3549.03 664.79 15.65 316.67 
71.74 3523.74 677.90 18.67 311.52 
82.03 3493.56 685.85 20.66 305.35 
92.32 3469.98 705.28 23.80 305.12 
102.61 3458.70 724.65 25.82 303.40 
112.9 3425.89 723.83 28.96 299.92 
123.19 3427.81 737.34 30.64 295.87 
133.48 3401.50 743.58 32.96 295.30 
143.77 3400.90 745.14 34.59 292.47 
154.06 3413.21 777.16 36.14 292.57 
164.35 3381.63 766.77 37.58 289.89 
174.64 3376.56 776.00 38.75 290.39 















Partial Reaction Order in Boronate 4.1 - D3
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 658 
Table 7.80. (cont.) 
184.93 3355.19 785.12 40.71 286.85 
195.22 3359.38 794.40 42.43 285.54 
205.51 3351.27 797.00 43.82 282.35 
215.8 3345.21 818.26 45.16 282.38 
226.09 3327.49 821.07 45.98 283.27 
236.38 3325.60 826.14 47.79 283.07 
246.67 3318.04 830.70 48.90 276.75 
256.96 3298.97 835.68 50.31 278.11 
267.25 3287.07 840.99 52.48 274.52 
277.54 3292.53 859.49 53.67 274.70 
287.83 3269.87 853.70 54.42 272.30 
298.12 3269.45 857.23 55.81 272.74 
308.41 3268.74 881.28 57.28 272.13 
318.7 3260.26 879.99 58.88 270.25 
328.99 3250.21 895.68 60.29 268.31 
339.28 3254.35 891.28 61.42 264.21 
349.57 3242.77 899.21 62.38 261.88 
359.86 3223.07 911.13 63.73 263.40 
 












10 4284.42 650.36 7.64 382.46 231.16 
20.29 3982.68 641.13 7.08 352.91 214.65 
30.58 3813.71 608.48 7.60 341.28 206.40 
40.87 3704.52 607.80 9.61 328.95 199.89 
51.16 3645.09 602.72 11.99 319.23 198.30 
61.45 3591.50 617.97 14.73 312.72 193.51 
71.74 3553.65 629.79 17.69 308.34 193.83 
82.03 3523.49 636.20 21.13 303.78 191.37 
92.32 3514.04 652.74 23.07 299.35 191.32 
102.61 3482.20 656.00 26.11 297.91 191.91 
112.9 3469.87 668.08 28.27 294.57 193.46 
123.19 3456.07 688.26 30.39 294.57 191.51 
133.48 3440.37 686.06 32.12 292.45 191.01 
143.77 3455.44 692.14 34.41 289.48 194.60 
154.06 3424.94 717.09 35.81 289.56 190.74 
164.35 3423.10 718.82 37.00 283.69 191.69 
174.64 3404.60 709.24 39.16 283.51 191.81 
184.93 3388.99 729.64 40.00 284.14 192.61 
195.22 3384.59 736.23 41.91 282.92 191.57 
 659 
Table 7.81. (cont.) 
205.51 3391.15 757.69 43.43 280.06 192.09 
215.8 3371.83 770.90 44.68 280.48 191.91 
226.09 3372.11 773.30 46.27 278.74 191.07 
236.38 3349.24 766.56 46.83 276.37 191.69 
246.67 3345.57 791.52 48.93 274.87 190.44 
256.96 3331.18 797.72 49.19 273.25 190.55 
267.25 3345.46 793.87 50.79 270.59 192.93 
277.54 3328.34 805.45 53.76 268.84 191.16 
287.83 3306.70 793.41 54.48 267.89 188.93 
298.12 3291.70 820.36 55.59 264.43 190.22 
308.41 3303.42 817.02 57.25 266.82 192.33 
318.7 3287.04 832.81 59.05 266.34 190.94 
328.99 3288.84 837.49 60.28 262.74 192.75 
339.28 3297.81 846.71 59.95 256.63 193.27 
349.57 3263.21 850.75 61.71 260.92 188.05 
359.86 3282.69 869.77 63.42 260.60 191.43 
 
 
Figure 7.41. Partial reaction order in boronate 4.1 – E1. 
 

















Partial Reaction Order in Boronate 4.1 - E1
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 660 
Table 7.82. Concentration data for experiment 7.6 (E1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.6950 0.0784 0.0097 0.2679 
20.29 0.6883 0.0858 0.0095 0.2712 
30.58 0.6862 0.0912 0.0102 0.2690 
40.87 0.6815 0.0886 0.0118 0.2673 
51.16 0.6931 0.0907 0.0146 0.2688 
61.45 0.6881 0.0879 0.0163 0.2626 
71.74 0.6876 0.0895 0.0199 0.2598 
82.03 0.6907 0.0921 0.0226 0.2599 
92.32 0.6863 0.0927 0.0253 0.2559 
102.61 0.6835 0.0934 0.0276 0.2520 
112.9 0.6914 0.0964 0.0310 0.2535 
123.19 0.6797 0.0962 0.0325 0.2480 
133.48 0.6766 0.0969 0.0349 0.2444 
143.77 0.6805 0.0984 0.0363 0.2443 
154.06 0.6805 0.0991 0.0390 0.2456 
164.35 0.6687 0.1014 0.0403 0.2383 
174.64 0.6733 0.1016 0.0417 0.2386 
184.93 0.6684 0.1017 0.0422 0.2376 
195.22 0.6724 0.1056 0.0447 0.2380 
205.51 0.6594 0.1025 0.0450 0.2312 
215.8 0.6703 0.1072 0.0473 0.2334 
226.09 0.6619 0.1092 0.0483 0.2306 
236.38 0.6691 0.1102 0.0501 0.2320 
246.67 0.6683 0.1123 0.0523 0.2304 
256.96 0.6626 0.1101 0.0536 0.2289 
267.25 0.6733 0.1152 0.0544 0.2293 
277.54 0.6605 0.1088 0.0551 0.2249 
287.83 0.6691 0.1175 0.0574 0.2273 
298.12 0.6667 0.1148 0.0582 0.2251 
308.41 0.6619 0.1196 0.0590 0.2218 
318.7 0.6587 0.1167 0.0608 0.2199 
328.99 0.6599 0.1218 0.0611 0.2195 
339.28 0.6639 0.1206 0.0629 0.2190 
349.57 0.6625 0.1225 0.0644 0.2192 
















10 5885.27 663.67 13.71 378.06 234.30 
20.29 5482.23 683.21 12.58 360.04 220.37 
30.58 5243.61 697.22 13.01 342.59 211.40 
40.87 5119.28 665.40 14.74 334.59 207.81 
51.16 5014.66 656.03 17.64 324.15 200.16 
61.45 4969.51 634.70 19.63 316.05 199.80 
71.74 4923.92 641.23 23.71 310.01 198.12 
82.03 4883.70 651.15 26.66 306.27 195.64 
92.32 4865.29 657.24 29.89 302.35 196.13 
102.61 4837.85 660.85 32.53 297.25 195.82 
112.9 4814.89 671.51 35.99 294.27 192.67 
123.19 4810.06 681.09 38.28 292.52 195.80 
133.48 4808.27 688.64 41.38 289.49 196.61 
143.77 4798.90 694.22 42.66 287.14 195.11 
154.06 4768.81 694.18 45.51 286.84 193.89 
164.35 4734.97 717.88 47.59 281.26 195.90 
174.64 4760.16 718.08 49.17 281.15 195.60 
184.93 4729.10 719.33 49.78 280.19 195.76 
195.22 4728.66 742.44 52.45 278.95 194.57 
205.51 4712.62 732.75 53.57 275.38 197.72 
215.8 4699.12 751.81 55.29 272.69 193.94 
226.09 4710.06 776.94 57.33 273.52 196.86 
236.38 4689.03 772.61 58.58 271.02 193.90 
246.67 4681.95 786.60 61.12 269.04 193.84 
256.96 4659.64 774.07 62.78 268.25 194.56 
267.25 4677.64 800.58 62.95 265.52 192.22 
277.54 4649.10 766.13 64.62 263.81 194.74 
287.83 4621.54 811.49 66.07 261.65 191.09 
298.12 4608.97 793.37 67.00 259.38 191.26 
308.41 4628.55 836.07 68.73 258.53 193.47 
318.7 4602.66 815.23 70.82 256.09 193.32 
328.99 4614.07 851.92 71.25 255.81 193.45 
339.28 4583.93 832.60 72.41 252.00 191.01 
349.57 4582.52 847.39 74.20 252.65 191.36 




Figure 7.42. Partial reaction order in boronate 4.1 – E2. 
 
Table 7.84. Concentration data for experiment 7.6 (E2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.6707 0.0458 0.0096 0.2640 
20.29 0.6766 0.0523 0.0105 0.2676 
30.58 0.6829 0.0607 0.0108 0.2712 
40.87 0.6794 0.0607 0.0125 0.2674 
51.16 0.6756 0.0593 0.0147 0.2648 
61.45 0.6777 0.0610 0.0172 0.2630 
71.74 0.6901 0.0653 0.0212 0.2649 
82.03 0.6836 0.0655 0.0238 0.2600 
92.32 0.6737 0.0698 0.0276 0.2550 
102.61 0.6596 0.0721 0.0300 0.2458 
112.9 0.6614 0.0753 0.0342 0.2476 
123.19 0.6609 0.0771 0.0377 0.2435 
133.48 0.6594 0.0782 0.0389 0.2444 
143.77 0.6492 0.0815 0.0410 0.2355 
154.06 0.6574 0.0825 0.0444 0.2418 
164.35 0.6566 0.0861 0.0466 0.2369 
174.64 0.6539 0.0886 0.0475 0.2336 

















Partial Reaction Order in Boronate 4.1 - E2
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 663 
Table 7.84. (cont.) 
184.93 0.6590 0.0875 0.0495 0.2339 
195.22 0.6427 0.0857 0.0508 0.2264 
205.51 0.6401 0.0867 0.0542 0.2254 
215.8 0.6426 0.0880 0.0552 0.2252 
226.09 0.6432 0.0939 0.0555 0.2235 
236.38 0.6399 0.0970 0.0588 0.2228 
246.67 0.6452 0.0997 0.0606 0.2225 
256.96 0.6369 0.0983 0.0618 0.2186 
267.25 0.6253 0.0978 0.0624 0.2147 
277.54 0.6546 0.1016 0.0659 0.2227 
287.83 0.6278 0.0983 0.0647 0.2112 
298.12 0.6410 0.1040 0.0690 0.2154 
308.41 0.6316 0.1033 0.0705 0.2135 
318.7 0.6281 0.1037 0.0721 0.2126 
328.99 0.6286 0.1092 0.0731 0.2098 
339.28 0.6491 0.1130 0.0757 0.2140 
349.57 0.6212 0.1056 0.0744 0.2049 
359.86 0.6185 0.1109 0.0757 0.2032 
 












10 5639.09 384.71 13.46 369.94 232.61 
20.29 5305.27 409.97 13.68 349.70 216.94 
30.58 5097.04 453.38 13.48 337.34 206.51 
40.87 4978.43 444.50 15.29 326.51 202.73 
51.16 4872.36 427.92 17.61 318.32 199.53 
61.45 4813.65 432.91 20.32 311.28 196.51 
71.74 4776.22 451.71 24.44 305.56 191.49 
82.03 4739.06 454.37 27.50 300.43 191.79 
92.32 4713.52 488.28 32.22 297.38 193.56 
102.61 4682.09 511.59 35.54 290.73 196.38 
112.9 4626.73 526.61 39.83 288.65 193.54 
123.19 4625.69 539.87 43.97 284.08 193.64 
133.48 4601.71 545.85 45.24 284.25 193.08 
143.77 4596.84 576.90 48.40 277.92 195.89 
154.06 4542.88 570.13 51.10 278.55 191.19 
164.35 4561.94 598.25 53.97 274.34 192.23 
174.64 4568.08 619.00 55.27 272.04 193.27 
184.93 4537.39 602.55 56.84 268.39 190.49 
195.22 4527.93 603.75 59.61 265.83 194.92 
 664 
Table 7.85. (cont.) 
205.51 4515.93 611.98 63.77 265.00 195.19 
215.8 4495.28 615.81 64.34 262.61 193.54 
226.09 4513.90 659.16 64.89 261.40 194.17 
236.38 4476.65 678.27 68.50 259.74 193.54 
246.67 4478.67 692.16 70.07 257.40 192.05 
256.96 4458.24 688.33 72.11 254.98 193.67 
267.25 4443.72 694.68 73.86 254.32 196.60 
277.54 4448.64 690.38 74.59 252.18 188.01 
287.83 4445.03 696.36 76.36 249.26 195.90 
298.12 4435.98 719.44 79.54 248.47 191.45 
308.41 4405.47 720.50 82.00 248.13 192.96 
318.7 4361.60 720.17 83.47 246.10 192.14 
328.99 4418.97 767.39 85.66 245.87 194.49 
339.28 4399.87 765.63 85.53 241.73 187.52 
349.57 4375.26 743.46 87.36 240.54 194.85 
359.86 4364.02 782.63 89.04 238.90 195.20 
 
 
Figure 7.43. Partial reaction order in boronate 4.1 – E3. 
 

















Partial Reaction Order in Boronate 4.1- E3
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 665 
Table 7.86. Concentration data for experiment 7.6 (E3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.6630 0.1086 0.0054 0.2597 
20.29 0.6760 0.1102 0.0056 0.2732 
30.58 0.6909 0.1151 0.0068 0.2819 
40.87 0.6697 0.1152 0.0081 0.2721 
51.16 0.6711 0.1180 0.0105 0.2696 
61.45 0.6681 0.1201 0.0134 0.2653 
71.74 0.6630 0.1214 0.0165 0.2630 
82.03 0.6590 0.1236 0.0200 0.2608 
92.32 0.6577 0.1279 0.0244 0.2550 
102.61 0.6613 0.1304 0.0274 0.2564 
112.9 0.6558 0.1339 0.0307 0.2500 
123.19 0.6546 0.1334 0.0341 0.2481 
133.48 0.6505 0.1379 0.0355 0.2440 
143.77 0.6484 0.1411 0.0391 0.2421 
154.06 0.6381 0.1394 0.0406 0.2369 
164.35 0.6453 0.1421 0.0433 0.2331 
174.64 0.6455 0.1441 0.0459 0.2371 
184.93 0.6415 0.1431 0.0472 0.2339 
195.22 0.6482 0.1498 0.0493 0.2346 
205.51 0.6333 0.1448 0.0502 0.2293 
215.8 0.6426 0.1480 0.0530 0.2318 
226.09 0.6214 0.1447 0.0521 0.2237 
236.38 0.6274 0.1502 0.0556 0.2245 
246.67 0.6348 0.1526 0.0565 0.2259 
256.96 0.6433 0.1592 0.0588 0.2268 
267.25 0.6330 0.1556 0.0584 0.2195 
277.54 0.6268 0.1563 0.0606 0.2190 
287.83 0.6207 0.1544 0.0623 0.2142 
298.12 0.6235 0.1579 0.0642 0.2156 
308.41 0.6197 0.1583 0.0662 0.2147 
318.7 0.6238 0.1591 0.0653 0.2158 
328.99 0.6189 0.1619 0.0691 0.2111 
339.28 0.6111 0.1604 0.0678 0.2094 
349.57 0.6176 0.1617 0.0722 0.2107 
















10 5413.59 886.636 7.368 353.371 225.914 
20.29 5218.79 850.945 7.245 351.568 213.602 
30.58 5033.26 838.415 8.202 342.303 201.544 
40.87 4902.31 843.207 9.852 332.017 202.519 
51.16 4805.94 845.366 12.484 321.831 198.136 
61.45 4748.32 853.858 15.917 314.216 196.64 
71.74 4688.42 858.538 19.461 309.936 195.644 
82.03 4648.17 872.148 23.474 306.633 195.147 
92.32 4617.56 898.202 28.549 298.401 194.236 
102.61 4601.6 907.365 31.829 297.365 192.52 
112.9 4592.01 937.696 35.827 291.745 193.733 
123.19 4547.95 927.046 39.495 287.255 192.211 
133.48 4554.24 965.387 41.404 284.647 193.684 
143.77 4538.89 987.431 45.664 282.502 193.675 
154.06 4505.37 984.095 47.73 278.747 195.349 
164.35 4516.4 994.671 50.544 271.904 193.639 
174.64 4504.63 1005.72 53.431 275.745 193.067 
184.93 4475.39 998.123 54.861 271.982 193.01 
195.22 4446.12 1027.31 56.365 268.221 189.76 
205.51 4435.24 1014 58.559 267.682 193.761 
215.8 4461.14 1027.64 61.304 268.253 192.076 
226.09 4433.26 1031.94 61.927 265.942 197.372 
236.38 4431.71 1060.71 65.468 264.269 195.418 
246.67 4425.72 1064.23 65.694 262.475 192.893 
256.96 4427.3 1095.43 67.418 260.182 190.396 
267.25 4410.43 1084.25 67.826 254.874 192.772 
277.54 4393.25 1095.29 70.766 255.808 193.909 
287.83 4362.76 1085.18 72.972 250.935 194.473 
298.12 4369.41 1106.62 75.021 251.744 193.873 
308.41 4341.29 1108.61 77.291 250.677 193.805 
318.7 4328.03 1103.7 75.499 249.559 191.958 
328.99 4332.29 1133.49 80.604 246.328 193.659 
339.28 4309.56 1131.01 79.744 246.105 195.11 
349.57 4289.12 1122.65 83.508 243.871 192.131 




Figure 7.44. Partial reaction order in boronate 4.1 – E4. 
 
Table 7.88. Concentration data for experiment 7.6 (E4). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.6935 0.1028 0.0083 0.2645 
20.29 0.6974 0.1066 0.0079 0.2721 
30.58 0.6939 0.1092 0.0086 0.2726 
40.87 0.6884 0.1093 0.0103 0.2704 
51.16 0.6905 0.1134 0.0131 0.2695 
61.45 0.6924 0.1134 0.0158 0.2665 
71.74 0.7032 0.1180 0.0196 0.2685 
82.03 0.6892 0.1192 0.0225 0.2614 
92.32 0.6805 0.1221 0.0272 0.2540 
102.61 0.6807 0.1268 0.0299 0.2533 
112.9 0.6798 0.1282 0.0334 0.2486 
123.19 0.6730 0.1292 0.0360 0.2460 
133.48 0.6711 0.1309 0.0379 0.2443 
143.77 0.6711 0.1341 0.0408 0.2432 
154.06 0.6747 0.1375 0.0436 0.2406 
164.35 0.6806 0.1397 0.0462 0.2401 
174.64 0.6713 0.1407 0.0472 0.2370 
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Table 7.88. (cont.) 
184.93 0.6664 0.1432 0.0495 0.2337 
195.22 0.6643 0.1431 0.0516 0.2325 
205.51 0.6627 0.1411 0.0525 0.2335 
215.8 0.6585 0.1414 0.0538 0.2294 
226.09 0.6545 0.1447 0.0554 0.2225 
236.38 0.6577 0.1460 0.0575 0.2273 
246.67 0.6487 0.1462 0.0587 0.2181 
256.96 0.6600 0.1522 0.0605 0.2200 
267.25 0.6549 0.1510 0.0621 0.2208 
277.54 0.6702 0.1606 0.0648 0.2219 
287.83 0.6539 0.1547 0.0655 0.2195 
298.12 0.6546 0.1558 0.0669 0.2183 
308.41 0.6527 0.1570 0.0682 0.2171 
318.7 0.6487 0.1570 0.0699 0.2141 
328.99 0.6502 0.1575 0.0718 0.2126 
339.28 0.6417 0.1600 0.0717 0.2116 
349.57 0.6392 0.1626 0.0733 0.2088 
359.86 0.6362 0.1622 0.0762 0.2067 
 












10 5759.51 854.03 11.42 366.09 229.77 
20.29 5399.76 825.81 10.18 351.12 214.23 
30.58 5177.50 814.89 10.74 339.02 206.44 
40.87 5020.66 797.30 12.48 328.69 201.78 
51.16 4920.25 807.66 15.51 320.02 197.13 
61.45 4847.86 794.31 18.38 310.94 193.71 
71.74 4803.11 806.20 22.33 305.68 188.97 
82.03 4770.63 825.18 25.96 301.61 191.50 
92.32 4726.78 848.32 31.47 294.05 192.17 
102.61 4703.11 875.95 34.48 291.73 191.15 
112.9 4680.00 882.59 38.30 285.25 190.47 
123.19 4667.57 895.88 41.63 284.31 191.89 
133.48 4643.37 905.54 43.68 281.76 191.43 
143.77 4609.02 921.15 46.71 278.33 190.01 
154.06 4643.95 946.45 49.96 276.08 190.44 
164.35 4608.49 945.82 52.16 270.95 187.33 
174.64 4597.15 963.79 53.87 270.53 189.47 
184.93 4595.24 987.52 56.88 268.61 190.78 
 669 
Table 7.89. (cont.) 
195.22 4588.82 988.24 59.42 267.69 191.13 
205.51 4560.00 971.12 60.16 267.79 190.36 
215.8 4570.86 981.41 62.20 265.44 192.05 
226.09 4561.24 1008.66 64.31 258.40 192.82 
236.38 4524.39 1004.26 65.93 260.62 190.32 
246.67 4522.25 1018.95 68.16 253.46 192.88 
256.96 4548.95 1049.27 69.53 252.76 190.70 
267.25 4508.54 1039.40 71.31 253.31 190.47 
277.54 4525.15 1084.67 72.92 249.75 186.82 
287.83 4506.83 1066.29 75.19 252.12 190.68 
298.12 4485.66 1067.68 76.38 249.35 189.59 
308.41 4478.46 1077.16 78.00 248.26 189.85 
318.7 4459.36 1079.61 80.12 245.28 190.19 
328.99 4450.50 1078.07 81.95 242.49 189.37 
339.28 4428.51 1104.01 82.46 243.44 190.94 
349.57 4434.20 1128.20 84.77 241.40 191.93 
359.86 4408.59 1123.89 87.95 238.68 191.71 
 
Table 7.90. Summary of initial rates obtained at varying concentrations of boronate 4.1. 
Run A (0.083 M) 
(M/s) 
B (0.167 M) 
(M/s) 
C (0.333 M) 
(M/s) 
D (0.500 M) 
(M/s) 
E (0.667 M) 
(M/s) 
1 4.61E-05 6.71E-05 9.90E-05 1.44E-04 2.17E-04 
2 4.93E-05 7.05E-05 1.00E-04 1.43E-04 2.23E-04 
3 4.38E-05 6.66E-05 1.03E-04 1.45E-04 2.21E-04 
Average 4.64E-05 6.81E-05 1.01E-04 1.44E-04 2.20E-04 




Figure 7.45. Partial reaction order in boronate 4.1. 
Experiment 7.7: Determination of Partial Reaction Order in 6-B-3 4.10. 
 
In a glovebox, an oven-dried, 2-mL, volumetric flask was charged with 24.2 mg (50.0 
µmol) of arylpalladium bromide catalyst 4.2, 330 µL (3.00 mmol) of 4-bromofluorobenzene (4.9) 
using a 500 µL Hamilton syringe, and 100 µL (1.00 mmol) of 1,2-difluorobenzene using a 250 µL 
Hamilton syringe. An oven-dried, 5-mL, volumetric flask was charged with 427.6 mg (3.33 mmol) 
of potassium trimethylsilanolate. Finally, an oven-dried, 2-mL flask was charged with 978 mg 
(3.00 mmol) of neopentyl 3,5-bistrifluoromethylphenylboronic ester. Sufficient THF was added to 
each volumetric to dissolve all solids, then each was diluted to the line to create three solutions: a 
THF solution of Pd catalyst 4.2 (25 mM), aryl bromide 4.9 (1.50 M) and 1,2-difluorobenzene (0.50 
M), a THF solution of boronic ester 4.10 (1.50 M), and a THF solution of TMSOK (0.66 M). Each 
was transferred by pipette into three separate 20-mL scintiliation vials, which were capped with 
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septum cap. Finally, 18 oven-dried, 5-mm NMR tubes were capped with rubber septa. All items 
were removed from the glovebox. Of those tubes, 9 were used, and the rest were used in a separate 
experiment. 
Into each NMR tube was dispensed 100 µL of the 25 mM catalyst 4.2, 1.50 M aryl bromide 
4.9 and 0.50 M 1,2-difluorobenzene solution using a 250 µL Hamilton syringe. The NMR tubes 
were charged with boronic ester and THF (not TMSOK) in sets of three (5 x 3 NMR tubes) 
according to the following table: 
Table 7.91. Preparation of samples for Experiment 7.7. 
 1.50 M 4.10 in THF (µL) THF (µL) 
A (0.033 M boronic ester) 80 270 
B (0.067 M boronic ester) 93.3 256.6 
C (0.133 M boronic ester) 120 230 
 
Once prepared, all 5 mm NMR tubes were cooled to –78 °C using a dry ice/acetone bath. The 
probe of a 600 MHz NMR was cooled to –25 °C, and the software was set to record 35 FIDs, each 
with one transient and a relaxation delay of 10 seconds.  
Finally, prior to data acquisition a sample was charged at –78 °C (dry ice/acetone) with  
150 µL of the 0.66 M solution of TMSOK in THF (0.100 mmol) using a 250 uL Hamilton syringe 
equipped with a 10-inch needle. After waiting 10 seconds for the sample to cool to –78 °C the 
sample was mixed by holding on a vortexer for 5 seconds, cooling at –78 °C for 5 seconds, 
vortexing for 5 seconds, cooling at –78 °C for 8 seconds, then vortexting for 8 seconds. The NMR 
tube was removed from the dry ice/acetone bath, wiped once with a kimwipe, placed in an NMR 
spinner, and lowered into the NMR magnet, at which time acquisition began. The time between 
removal of the NMR tube from the bath and acquisition beginning was minimal, as a second 
researcher was present to insert the sample as soon as it was placed in the bore. This process was 
repeated for each of the 9 tubes described in table 7.91. 
The initial rate at each concentration was determined as the average of the instantaneous 
rate between 100 and 200 s, measured as the change in concentration of product. Product 





Figure 7.46. Partial reaction order in boronic ester 4.10  – A1. 
 
Table 7.92. Concentration data for experiment 7.7 (A1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1677 0.0405 0.0052 0.2780 
20.29 0.1698 0.0413 0.0054 0.2719 
30.58 0.1688 0.0405 0.0057 0.2681 
40.87 0.1721 0.0422 0.0067 0.2684 
51.16 0.1724 0.0426 0.0076 0.2667 
61.45 0.1727 0.0435 0.0083 0.2640 
71.74 0.1724 0.0455 0.0094 0.2657 
82.03 0.1700 0.0451 0.0105 0.2622 
92.32 0.1695 0.0463 0.0109 0.2620 
102.61 0.1704 0.0465 0.0119 0.2605 
112.9 0.1696 0.0475 0.0132 0.2602 
123.19 0.1699 0.0489 0.0139 0.2617 
133.48 0.1656 0.0496 0.0147 0.2555 
143.77 0.1657 0.0497 0.0156 0.2555 
154.06 0.1651 0.0500 0.0163 0.2554 
164.35 0.1655 0.0509 0.0168 0.2564 
174.64 0.1646 0.0513 0.0178 0.2575 
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Table 7.92. (cont.) 
184.93 0.1656 0.0533 0.0183 0.2587 
195.22 0.1626 0.0532 0.0187 0.2511 
205.51 0.1627 0.0535 0.0197 0.2537 
215.8 0.1625 0.0544 0.0210 0.2525 
226.09 0.1630 0.0552 0.0213 0.2550 
236.38 0.1604 0.0542 0.0212 0.2521 
246.67 0.1589 0.0546 0.0223 0.2492 
256.96 0.1632 0.0571 0.0240 0.2567 
267.25 0.1588 0.0567 0.0238 0.2493 
277.54 0.1609 0.0582 0.0252 0.2524 
287.83 0.1580 0.0576 0.0250 0.2483 
298.12 0.1571 0.0582 0.0255 0.2477 
308.41 0.1589 0.0584 0.0260 0.2481 
318.7 0.1555 0.0591 0.0263 0.2404 
328.99 0.1569 0.0601 0.0271 0.2468 
339.28 0.1567 0.0605 0.0284 0.2474 
349.57 0.1550 0.0609 0.0288 0.2463 
359.86 0.1553 0.0622 0.0292 0.2433 
 












10 1394.46 336.86 7.22 385.30 230.09 
20.29 1300.84 316.68 6.94 347.13 211.91 
30.58 1252.39 300.71 7.02 331.43 205.22 
40.87 1216.79 298.66 7.89 316.32 195.62 
51.16 1197.39 295.56 8.79 308.66 192.13 
61.45 1185.39 298.30 9.50 302.01 189.89 
71.74 1171.54 309.18 10.69 300.95 188.03 
82.03 1162.80 308.40 12.00 298.80 189.20 
92.32 1153.38 315.04 12.32 297.18 188.27 
102.61 1151.35 314.08 13.45 293.47 186.98 
112.9 1145.40 320.42 14.86 292.78 186.82 
123.19 1138.06 327.84 15.53 292.18 185.35 
133.48 1132.82 339.60 16.77 291.29 189.25 
143.77 1120.80 335.85 17.57 288.01 187.10 
154.06 1120.60 339.19 18.45 288.93 187.83 
164.35 1114.65 342.68 18.88 287.75 186.30 
174.64 1108.30 345.75 19.98 289.05 186.32 
184.93 1102.71 355.11 20.30 287.02 184.20 
195.22 1095.97 358.78 21.02 282.11 186.53 
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Table 7.93. (cont.) 
205.51 1094.21 359.94 22.04 284.42 186.06 
215.8 1090.47 364.96 23.46 282.43 185.69 
226.09 1086.89 367.98 23.66 283.49 184.53 
236.38 1082.25 365.53 23.89 283.46 186.67 
246.67 1081.19 371.79 25.29 282.64 188.28 
256.96 1080.17 378.02 26.45 283.12 183.10 
267.25 1071.86 383.02 26.83 280.45 186.74 
277.54 1064.16 384.53 27.79 278.10 182.93 
287.83 1063.20 387.53 28.05 278.37 186.13 
298.12 1059.92 392.23 28.65 278.40 186.61 
308.41 1048.83 385.66 28.64 272.94 182.62 
318.7 1055.82 400.98 29.75 272.02 187.81 
328.99 1044.01 400.05 30.08 273.79 184.13 
339.28 1048.36 404.65 31.61 275.85 185.08 
349.57 1036.92 407.29 32.12 274.58 185.09 
359.86 1043.33 417.71 32.64 272.42 185.85 
 
 
Figure 7.47. Partial reaction order in boronic ester 4.10 – A2. 
 















Partial Reaction Order in Boronic Ester 4.10 - A2
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.94. Concentration data for experiment 7.7  (A2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1704 0.0365 0.0044 0.2723 
20.29 0.1753 0.0393 0.0050 0.2748 
30.58 0.1779 0.0409 0.0049 0.2741 
40.87 0.1721 0.0393 0.0062 0.2611 
51.16 0.1777 0.0420 0.0073 0.2689 
61.45 0.1698 0.0411 0.0079 0.2570 
71.74 0.1791 0.0445 0.0095 0.2641 
82.03 0.1728 0.0438 0.0102 0.2597 
92.32 0.1737 0.0450 0.0110 0.2625 
102.61 0.1699 0.0459 0.0124 0.2578 
112.9 0.1700 0.0467 0.0130 0.2566 
123.19 0.1727 0.0481 0.0137 0.2583 
133.48 0.1741 0.0494 0.0153 0.2639 
143.77 0.1706 0.0491 0.0152 0.2552 
154.06 0.1707 0.0508 0.0161 0.2564 
164.35 0.1695 0.0513 0.0177 0.2578 
174.64 0.1682 0.0519 0.0184 0.2568 
184.93 0.1666 0.0515 0.0181 0.2538 
195.22 0.1635 0.0517 0.0190 0.2517 
205.51 0.1672 0.0531 0.0201 0.2530 
215.8 0.1657 0.0537 0.0215 0.2508 
226.09 0.1631 0.0527 0.0226 0.2573 
236.38 0.1628 0.0534 0.0213 0.2514 
246.67 0.1678 0.0564 0.0231 0.2564 
256.96 0.1598 0.0541 0.0230 0.2469 
267.25 0.1629 0.0567 0.0251 0.2512 
277.54 0.1614 0.0564 0.0251 0.2450 
287.83 0.1640 0.0580 0.0257 0.2525 
298.12 0.1595 0.0579 0.0262 0.2462 
308.41 0.1601 0.0588 0.0273 0.2468 
318.7 0.1597 0.0591 0.0280 0.2455 
328.99 0.1586 0.0591 0.0285 0.2487 
339.28 0.1585 0.0613 0.0298 0.2459 
349.57 0.1566 0.0598 0.0293 0.2448 

















10 1444.15 309.19 6.25 384.61 234.46 
20.29 1362.74 305.11 6.43 355.94 215.04 
30.58 1317.37 302.81 6.10 338.26 204.87 
40.87 1282.00 292.96 7.69 324.11 206.07 
51.16 1266.00 299.03 8.69 319.24 197.06 
61.45 1238.16 299.73 9.62 312.26 201.69 
71.74 1228.18 305.21 10.89 301.84 189.71 
82.03 1218.49 308.56 11.97 305.26 195.09 
92.32 1211.66 314.13 12.79 305.20 193.04 
102.61 1193.41 322.22 14.46 301.84 194.35 
112.9 1192.19 327.35 15.15 299.95 194.04 
123.19 1200.85 334.61 15.84 299.41 192.43 
133.48 1193.95 338.85 17.48 301.64 189.77 
143.77 1194.05 343.55 17.72 297.79 193.68 
154.06 1185.88 353.01 18.65 296.94 192.24 
164.35 1180.33 357.12 20.51 299.19 192.66 
174.64 1160.08 358.07 21.15 295.26 190.85 
184.93 1167.58 360.84 21.10 296.55 193.93 
195.22 1156.82 365.86 22.41 296.77 195.72 
205.51 1159.87 368.63 23.22 292.57 191.98 
215.8 1130.79 366.44 24.42 285.23 188.79 
226.09 1134.80 366.92 26.18 298.32 192.46 
236.38 1130.90 370.80 24.68 291.08 192.23 
246.67 1131.87 380.52 25.92 288.22 186.59 
256.96 1137.81 385.40 27.34 292.88 196.94 
267.25 1121.77 390.41 28.87 288.35 190.55 
277.54 1124.71 393.20 29.18 284.63 192.85 
287.83 1120.87 396.09 29.23 287.59 189.06 
298.12 1121.15 406.96 30.68 288.46 194.51 
308.41 1111.56 408.41 31.53 285.49 192.04 
318.7 1102.06 407.55 32.25 282.27 190.89 
328.99 1106.53 412.62 33.10 289.24 193.04 
339.28 1102.31 426.53 34.51 285.04 192.40 
349.57 1093.64 417.75 34.10 284.88 193.18 




Figure 7.48. Partial reaction order in boronic ester 4.10  – A3. 
 
Table 7.96. Concentration data for experiment 7.7  (A3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1639 0.0386 0.0032 0.2759 
20.29 0.1671 0.0379 0.0033 0.2736 
30.58 0.1684 0.0383 0.0041 0.2711 
40.87 0.1720 0.0402 0.0048 0.2728 
51.16 0.1699 0.0394 0.0057 0.2647 
61.45 0.1692 0.0409 0.0066 0.2641 
71.74 0.1682 0.0423 0.0077 0.2612 
82.03 0.1685 0.0432 0.0079 0.2646 
92.32 0.1683 0.0436 0.0095 0.2643 
102.61 0.1673 0.0448 0.0103 0.2596 
112.9 0.1654 0.0450 0.0113 0.2591 
123.19 0.1671 0.0453 0.0122 0.2618 
133.48 0.1674 0.0468 0.0127 0.2583 
143.77 0.1648 0.0468 0.0137 0.2579 
154.06 0.1649 0.0481 0.0145 0.2597 
164.35 0.1627 0.0486 0.0151 0.2566 
174.64 0.1617 0.0493 0.0155 0.2555 
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Table 7.96. (cont.) 
184.93 0.1620 0.0501 0.0165 0.2572 
195.22 0.1626 0.0517 0.0180 0.2587 
205.51 0.1586 0.0520 0.0183 0.2560 
215.8 0.1613 0.0540 0.0194 0.2575 
226.09 0.1577 0.0525 0.0192 0.2513 
236.38 0.1585 0.0536 0.0207 0.2520 
246.67 0.1564 0.0539 0.0209 0.2511 
256.96 0.1557 0.0540 0.0216 0.2505 
267.25 0.1582 0.0553 0.0225 0.2518 
277.54 0.1547 0.0555 0.0234 0.2477 
287.83 0.1528 0.0553 0.0233 0.2445 
298.12 0.1541 0.0566 0.0242 0.2480 
308.41 0.1532 0.0577 0.0252 0.2492 
318.7 0.1543 0.0578 0.0255 0.2483 
328.99 0.1519 0.0589 0.0264 0.2466 
339.28 0.1526 0.0589 0.0267 0.2470 
349.57 0.1506 0.0596 0.0275 0.2457 
359.86 0.1525 0.0607 0.0284 0.2463 
 












10 1367.47 321.998 4.514 383.57 230.822 
20.29 1276.41 289.481 4.199 348.354 211.368 
30.58 1231.46 279.918 5.029 330.313 202.281 
40.87 1202.29 280.887 5.645 317.807 193.407 
51.16 1185.6 274.913 6.575 307.966 193.121 
61.45 1166.41 281.804 7.615 303.54 190.775 
71.74 1155.12 290.291 8.838 298.926 189.969 
82.03 1147.69 294.405 8.988 300.355 188.437 
92.32 1143.43 296.474 10.738 299.221 187.929 
102.61 1135.6 304.19 11.641 293.645 187.797 
112.9 1121.82 304.941 12.747 292.883 187.64 
123.19 1122.8 304.292 13.715 293.217 185.912 
133.48 1122.47 313.558 14.203 288.757 185.543 
143.77 1113.04 316.306 15.449 290.392 186.891 
154.06 1110.09 324.077 16.322 291.441 186.262 
164.35 1103.66 329.292 17.049 290.07 187.643 
174.64 1095.96 334.088 17.499 288.663 187.537 
184.93 1091.31 337.84 18.564 288.84 186.399 
195.22 1084.9 345.256 20.022 287.683 184.628 
 679 
Table 7.97. (cont.) 
205.51 1070.94 351.224 20.568 288.032 186.784 
215.8 1077.02 360.438 21.588 286.651 184.759 
226.09 1069.38 356.171 21.686 283.924 187.553 
236.38 1072.14 362.516 23.295 284.106 187.178 
246.67 1061.14 365.376 23.633 283.904 187.66 
256.96 1058.19 367.196 24.415 283.681 188.011 
267.25 1060.01 370.413 25.162 281.157 185.32 
277.54 1044.57 374.623 26.297 278.816 186.842 
287.83 1048.92 379.478 26.651 279.708 189.871 
298.12 1044.69 383.634 27.359 280.12 187.503 
308.41 1034.58 389.412 28.343 280.458 186.811 
318.7 1041.07 389.87 28.638 279.094 186.622 
328.99 1028.88 398.585 29.774 278.316 187.37 
339.28 1030.24 397.996 30.108 277.996 186.845 
349.57 1017.19 402.487 31.001 276.551 186.87 
359.86 1023.66 407.259 31.74 275.615 185.741 
 
 
Figure 7.49. Partial reaction order in boronic ester 4.10 – B1. 
 















Partial Reaction Order in Boronic Ester 4.10 - B1 
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.98. Concentration data for experiment 7.7  (B1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1649 0.0737 0.0031 0.2773 
20.29 0.1702 0.0757 0.0037 0.2742 
30.58 0.1711 0.0766 0.0040 0.2711 
40.87 0.1709 0.0776 0.0051 0.2704 
51.16 0.1708 0.0784 0.0059 0.2675 
61.45 0.1678 0.0783 0.0068 0.2626 
71.74 0.1683 0.0797 0.0078 0.2621 
82.03 0.1688 0.0814 0.0088 0.2630 
92.32 0.1698 0.0825 0.0098 0.2650 
102.61 0.1684 0.0831 0.0108 0.2622 
112.9 0.1672 0.0832 0.0117 0.2614 
123.19 0.1654 0.0846 0.0125 0.2582 
133.48 0.1619 0.0840 0.0132 0.2535 
143.77 0.1631 0.0848 0.0140 0.2541 
154.06 0.1634 0.0861 0.0149 0.2560 
164.35 0.1615 0.0859 0.0156 0.2528 
174.64 0.1624 0.0872 0.0163 0.2561 
184.93 0.1620 0.0875 0.0169 0.2561 
195.22 0.1609 0.0885 0.0181 0.2531 
205.51 0.1578 0.0883 0.0177 0.2481 
215.8 0.1607 0.0898 0.0191 0.2529 
226.09 0.1592 0.0891 0.0193 0.2530 
236.38 0.1556 0.0889 0.0194 0.2461 
246.67 0.1575 0.0906 0.0202 0.2520 
256.96 0.1570 0.0914 0.0213 0.2492 
267.25 0.1562 0.0918 0.0216 0.2491 
277.54 0.1586 0.0936 0.0231 0.2507 
287.83 0.1544 0.0930 0.0238 0.2500 
298.12 0.1536 0.0935 0.0241 0.2459 
308.41 0.1560 0.0945 0.0246 0.2475 
318.7 0.1543 0.0950 0.0254 0.2480 
328.99 0.1533 0.0953 0.0255 0.2466 
339.28 0.1518 0.0954 0.0268 0.2460 
349.57 0.1512 0.0957 0.0263 0.2410 
















10 1418.75 634.03 4.381 397.722 238.093 
20.29 1341.7 596.681 4.839 360.291 218.104 
30.58 1293.34 578.928 5.061 341.6 209.15 
40.87 1257.34 571.216 6.223 331.578 203.576 
51.16 1242.48 570.009 7.153 324.308 201.246 
61.45 1221.7 569.859 8.262 318.771 201.475 
71.74 1212.48 573.949 9.424 314.646 199.304 
82.03 1200.63 578.865 10.412 311.818 196.786 
92.32 1193.34 580.216 11.512 310.468 194.484 
102.61 1186.79 585.54 12.741 307.956 194.967 
112.9 1190.01 592.332 13.826 310.116 196.928 
123.19 1182.44 604.81 14.932 307.662 197.794 
133.48 1162.16 602.992 15.743 303.296 198.617 
143.77 1166.72 606.766 16.721 302.885 197.858 
154.06 1157.54 609.897 17.616 302.128 195.939 
164.35 1150.65 611.558 18.466 300.069 197.074 
174.64 1153.91 619.674 19.248 303.258 196.537 
184.93 1151.79 622.319 20.071 303.528 196.729 
195.22 1147.73 630.811 21.504 300.796 197.313 
205.51 1132.52 633.237 21.181 296.728 198.521 
215.8 1141.43 638.066 22.621 299.393 196.533 
226.09 1137.7 637.045 23.04 301.37 197.732 
236.38 1132.43 646.8 23.581 298.472 201.324 
246.67 1117.43 643.103 23.832 298.019 196.305 
256.96 1124.19 654.219 25.436 297.384 198.131 
267.25 1118.09 657.158 25.77 297.243 198.079 
277.54 1118.64 659.906 27.15 294.66 195.112 
287.83 1096.29 659.972 28.108 295.711 196.388 
298.12 1102.23 671.265 28.828 294.168 198.578 
308.41 1109.28 671.689 29.174 293.286 196.744 
318.7 1094.93 674.497 30.037 293.407 196.372 
328.99 1085.46 675.163 30.094 291.077 195.935 
339.28 1081.63 679.793 31.865 292.139 197.101 
349.57 1088.99 689.352 31.598 289.275 199.26 





Figure 7.50. Partial reaction order in boronic ester 4.10 – B2. 
 
Table 7.100. Concentration data for experiment 7.7  (B2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1597 0.0754 0.0027 0.2759 
20.29 0.1640 0.0769 0.0030 0.2760 
30.58 0.1672 0.0782 0.0038 0.2701 
40.87 0.1670 0.0789 0.0044 0.2667 
51.16 0.1695 0.0806 0.0053 0.2681 
61.45 0.1681 0.0821 0.0062 0.2669 
71.74 0.1651 0.0810 0.0072 0.2613 
82.03 0.1684 0.0839 0.0084 0.2699 
92.32 0.1663 0.0839 0.0092 0.2673 
102.61 0.1625 0.0832 0.0099 0.2609 
112.9 0.1665 0.0860 0.0109 0.2671 
123.19 0.1631 0.0857 0.0115 0.2624 
133.48 0.1649 0.0880 0.0127 0.2672 
143.77 0.1656 0.0893 0.0138 0.2640 
154.06 0.1650 0.0899 0.0144 0.2668 
164.35 0.1645 0.0906 0.0150 0.2623 
174.64 0.1617 0.0901 0.0153 0.2553 















Partial Reaction Order in Boronic Ester 4.10 - B2 
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 683 
Table 7.100. (cont.) 
184.93 0.1605 0.0911 0.0159 0.2591 
195.22 0.1589 0.0913 0.0168 0.2549 
205.51 0.1595 0.0916 0.0177 0.2540 
215.8 0.1597 0.0917 0.0183 0.2553 
226.09 0.1576 0.0911 0.0188 0.2528 
236.38 0.1559 0.0919 0.0189 0.2536 
246.67 0.1559 0.0937 0.0201 0.2524 
256.96 0.1548 0.0936 0.0205 0.2507 
267.25 0.1551 0.0942 0.0214 0.2521 
277.54 0.1584 0.0971 0.0218 0.2581 
287.83 0.1546 0.0963 0.0227 0.2508 
298.12 0.1531 0.0968 0.0237 0.2492 
308.41 0.1523 0.0960 0.0238 0.2479 
318.7 0.1523 0.0969 0.0239 0.2490 
328.99 0.1531 0.0984 0.0247 0.2467 
339.28 0.1531 0.0984 0.0253 0.2474 
349.57 0.1542 0.0997 0.0263 0.2512 
359.86 0.1505 0.1001 0.0272 0.2478 
 












10 1371.22 647.50 3.88 394.72 237.52 
20.29 1273.52 597.32 3.89 357.14 214.82 
30.58 1238.03 578.95 4.69 333.38 204.91 
40.87 1200.86 567.14 5.33 319.63 198.96 
51.16 1181.50 561.97 6.12 311.34 192.81 
61.45 1160.66 566.54 7.18 307.07 191.01 
71.74 1154.13 566.45 8.35 304.41 193.41 
82.03 1147.80 572.01 9.55 306.56 188.56 
92.32 1140.95 576.06 10.52 305.69 189.86 
102.61 1135.24 581.17 11.58 303.85 193.31 
112.9 1129.73 583.58 12.34 302.00 187.69 
123.19 1123.21 589.80 13.20 301.12 190.50 
133.48 1113.77 594.40 14.29 300.77 186.89 
143.77 1110.79 598.88 15.38 295.07 185.52 
154.06 1107.90 603.76 16.11 298.62 185.79 
164.35 1101.64 607.12 16.75 292.79 185.30 
174.64 1092.31 608.78 17.19 287.46 186.89 
184.93 1083.27 614.82 17.93 291.41 186.72 
 684 
Table 7.101. (cont.) 
195.22 1080.37 620.64 19.03 288.79 188.08 
205.51 1081.05 620.91 19.98 287.05 187.56 
215.8 1085.58 623.68 20.71 289.23 188.09 
226.09 1079.49 624.40 21.45 288.61 189.55 
236.38 1069.51 630.46 21.64 289.98 189.82 
246.67 1065.71 640.65 22.92 287.54 189.12 
256.96 1057.01 639.36 23.32 285.40 188.97 
267.25 1058.14 642.29 24.32 286.58 188.73 
277.54 1056.22 647.40 24.24 286.84 184.45 
287.83 1047.19 652.19 25.58 283.15 187.41 
298.12 1039.28 656.91 26.87 281.92 187.80 
308.41 1043.55 657.93 27.21 283.05 189.52 
318.7 1038.72 661.07 27.20 283.10 188.72 
328.99 1033.44 664.36 27.74 277.58 186.80 
339.28 1037.18 666.54 28.59 279.42 187.48 
349.57 1034.30 668.73 29.39 280.78 185.56 
359.86 1017.66 677.10 30.66 279.29 187.10 
 
 
Figure 7.51. Partial reaction order in boronic ester 4.10 – B3. 
 















Partial Reaction Order in Boronic Ester 4.10 - B3 
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 685 
Table 7.102. Concentration data for experiment 7.7 (B3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1670 0.0779 0.0025 0.2757 
20.29 0.1679 0.0792 0.0027 0.2734 
30.58 0.1697 0.0811 0.0034 0.2737 
40.87 0.1708 0.0818 0.0042 0.2715 
51.16 0.1712 0.0830 0.0054 0.2695 
61.45 0.1693 0.0840 0.0065 0.2662 
71.74 0.1675 0.0849 0.0072 0.2628 
82.03 0.1672 0.0858 0.0081 0.2635 
92.32 0.1674 0.0873 0.0091 0.2631 
102.61 0.1676 0.0877 0.0101 0.2617 
112.9 0.1666 0.0881 0.0110 0.2620 
123.19 0.1654 0.0884 0.0116 0.2593 
133.48 0.1660 0.0897 0.0129 0.2617 
143.77 0.1636 0.0897 0.0135 0.2588 
154.06 0.1655 0.0914 0.0148 0.2600 
164.35 0.1621 0.0922 0.0154 0.2587 
174.64 0.1619 0.0911 0.0159 0.2545 
184.93 0.1617 0.0930 0.0161 0.2575 
195.22 0.1632 0.0937 0.0175 0.2584 
205.51 0.1608 0.0945 0.0184 0.2568 
215.8 0.1613 0.0952 0.0188 0.2554 
226.09 0.1629 0.0973 0.0200 0.2597 
236.38 0.1578 0.0962 0.0197 0.2522 
246.67 0.1604 0.0975 0.0212 0.2552 
256.96 0.1598 0.0987 0.0214 0.2531 
267.25 0.1553 0.0977 0.0219 0.2496 
277.54 0.1554 0.0979 0.0227 0.2499 
287.83 0.1548 0.0982 0.0228 0.2495 
298.12 0.1580 0.1011 0.0248 0.2518 
308.41 0.1537 0.1001 0.0246 0.2487 
318.7 0.1531 0.1005 0.0254 0.2476 
328.99 0.1538 0.1012 0.0259 0.2477 
339.28 0.1530 0.1012 0.0261 0.2470 
349.57 0.1523 0.1012 0.0275 0.2441 
















10 1397.23 651.79 3.51 384.35 231.43 
20.29 1299.02 613.08 3.53 352.63 214.07 
30.58 1245.71 594.90 4.16 334.81 203.05 
40.87 1221.98 584.86 5.05 323.70 197.91 
51.16 1199.53 581.68 6.33 314.72 193.84 
61.45 1178.60 584.67 7.52 308.76 192.56 
71.74 1166.58 591.43 8.36 305.17 192.74 
82.03 1149.89 589.76 9.25 301.98 190.25 
92.32 1150.94 600.09 10.43 301.39 190.17 
102.61 1145.60 599.11 11.50 298.04 189.06 
112.9 1141.12 603.66 12.61 299.05 189.49 
123.19 1137.69 607.93 13.26 297.36 190.33 
133.48 1129.33 610.16 14.63 296.67 188.20 
143.77 1116.76 612.47 15.37 294.51 188.88 
154.06 1121.62 619.46 16.77 293.70 187.50 
164.35 1103.61 627.65 17.52 293.60 188.36 
174.64 1109.41 624.40 18.16 290.67 189.58 
184.93 1097.29 631.32 18.16 291.25 187.78 
195.22 1106.25 635.32 19.76 291.87 187.51 
205.51 1090.14 640.53 20.74 290.19 187.59 
215.8 1094.12 645.99 21.30 288.77 187.72 
226.09 1085.17 648.28 22.22 288.43 184.35 
236.38 1074.74 654.88 22.40 286.27 188.43 
246.67 1080.75 656.77 23.79 286.58 186.42 
256.96 1076.22 664.59 24.04 284.08 186.31 
267.25 1063.21 668.96 25.04 284.78 189.43 
277.54 1060.58 668.39 25.80 284.17 188.80 
287.83 1062.10 673.64 26.12 285.38 189.88 
298.12 1058.49 677.37 27.65 281.17 185.39 
308.41 1049.23 683.54 28.00 282.99 188.91 
318.7 1043.24 684.89 28.87 281.17 188.49 
328.99 1046.99 689.07 29.42 280.98 188.33 
339.28 1045.58 691.74 29.74 281.34 189.09 
349.57 1040.93 691.80 31.33 278.14 189.15 




Figure 7.52. Partial reaction order in boronic ester 4.10 – C1. 
 
Table 7.104. Concentration data for experiment 7.7 (C1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1638 0.1379 0.0022 0.2786 
20.29 0.1659 0.1397 0.0026 0.2741 
30.58 0.1690 0.1429 0.0035 0.2722 
40.87 0.1683 0.1428 0.0043 0.2681 
51.16 0.1700 0.1456 0.0050 0.2670 
61.45 0.1682 0.1474 0.0065 0.2652 
71.74 0.1690 0.1502 0.0072 0.2652 
82.03 0.1666 0.1502 0.0081 0.2631 
92.32 0.1693 0.1524 0.0091 0.2700 
102.61 0.1637 0.1510 0.0098 0.2631 
112.9 0.1660 0.1546 0.0107 0.2605 
123.19 0.1626 0.1494 0.0110 0.2569 
133.48 0.1660 0.1554 0.0124 0.2615 
143.77 0.1620 0.1516 0.0128 0.2593 
154.06 0.1618 0.1541 0.0134 0.2583 
164.35 0.1620 0.1547 0.0149 0.2608 
174.64 0.1609 0.1540 0.0149 0.2574 















Partial Reaction Order in Boronic Ester 4.10 - C1 
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 688 
Table 7.104. (cont.) 
184.93 0.1586 0.1521 0.0153 0.2520 
195.22 0.1630 0.1589 0.0163 0.2563 
205.51 0.1591 0.1549 0.0171 0.2542 
215.8 0.1627 0.1602 0.0179 0.2619 
226.09 0.1585 0.1572 0.0181 0.2517 
236.38 0.1595 0.1576 0.0191 0.2547 
246.67 0.1584 0.1570 0.0189 0.2511 
256.96 0.1592 0.1598 0.0200 0.2535 
267.25 0.1586 0.1609 0.0207 0.2559 
277.54 0.1566 0.1586 0.0207 0.2503 
287.83 0.1537 0.1583 0.0218 0.2427 
298.12 0.1551 0.1579 0.0219 0.2481 
308.41 0.1545 0.1611 0.0230 0.2450 
318.7 0.1537 0.1605 0.0234 0.2492 
328.99 0.1533 0.1645 0.0250 0.2489 
339.28 0.1536 0.1631 0.0256 0.2469 
349.57 0.1518 0.1624 0.0253 0.2453 
359.86 0.1533 0.1633 0.0264 0.2492 
 












10 1326.28 1116.76 2.95 375.88 223.99 
20.29 1250.20 1052.89 3.31 344.28 208.54 
30.58 1210.34 1023.29 4.19 324.80 198.10 
40.87 1184.70 1005.34 5.03 314.55 194.73 
51.16 1172.83 1004.60 5.75 307.02 190.90 
61.45 1152.91 1010.48 7.38 302.96 189.60 
71.74 1132.17 1006.20 8.05 296.04 185.33 
82.03 1123.63 1012.92 9.14 295.84 186.63 
92.32 1123.11 1011.24 10.03 298.49 183.52 
102.61 1104.98 1019.36 11.06 296.03 186.75 
112.9 1115.13 1038.13 11.95 291.58 185.81 
123.19 1113.01 1023.18 12.58 293.16 189.43 
133.48 1111.82 1040.68 13.84 291.83 185.26 
143.77 1099.83 1028.93 14.49 293.34 187.81 
154.06 1088.35 1036.68 15.05 289.56 186.07 
164.35 1081.63 1033.12 16.53 290.20 184.73 
174.64 1087.18 1040.35 16.79 289.78 186.89 
184.93 1089.15 1044.66 17.50 288.52 190.02 
 689 
Table 7.105. (cont.) 
195.22 1078.22 1051.20 17.97 282.63 183.04 
205.51 1078.43 1050.05 19.28 287.18 187.53 
215.8 1070.39 1053.94 19.61 287.15 182.01 
226.09 1071.91 1062.78 20.34 283.61 187.06 
236.38 1072.72 1059.77 21.44 285.44 186.06 
246.67 1069.42 1059.91 21.28 282.51 186.79 
256.96 1065.77 1070.01 22.36 282.91 185.24 
267.25 1049.83 1065.29 22.84 282.37 183.17 
277.54 1058.23 1072.03 23.28 281.92 186.95 
287.83 1042.83 1074.20 24.69 274.46 187.73 
298.12 1050.76 1069.92 24.75 280.18 187.43 
308.41 1034.59 1078.56 25.70 273.43 185.25 
318.7 1032.69 1078.40 26.20 279.04 185.90 
328.99 1015.72 1089.48 27.59 274.83 183.28 
339.28 1026.30 1089.53 28.46 274.92 184.84 
349.57 1023.34 1094.95 28.41 275.57 186.52 
359.86 1023.51 1090.38 29.40 277.31 184.75 
 
 
Figure 7.53. Partial reaction order in boronic ester 4.10 – C2. 
 















Partial Reaction Order in Boronic Ester 4.10 - C2 
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
 690 
Table 7.106. Concentration data for experiment 7.7 (C2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1719 0.1389 0.0020 0.2793 
20.29 0.1703 0.1410 0.0024 0.2750 
30.58 0.1725 0.1434 0.0026 0.2698 
40.87 0.1737 0.1443 0.0037 0.2689 
51.16 0.1749 0.1454 0.0049 0.2699 
61.45 0.1715 0.1452 0.0055 0.2625 
71.74 0.1710 0.1463 0.0068 0.2627 
82.03 0.1812 0.1595 0.0074 0.2729 
92.32 0.1719 0.1506 0.0084 0.2654 
102.61 0.1722 0.1546 0.0093 0.2688 
112.9 0.1682 0.1501 0.0103 0.2581 
123.19 0.1707 0.1530 0.0111 0.2606 
133.48 0.1655 0.1476 0.0118 0.2518 
143.77 0.1705 0.1548 0.0133 0.2645 
154.06 0.1707 0.1544 0.0139 0.2611 
164.35 0.1679 0.1556 0.0144 0.2570 
174.64 0.1656 0.1562 0.0150 0.2559 
184.93 0.1675 0.1583 0.0157 0.2570 
195.22 0.1608 0.1531 0.0160 0.2486 
205.51 0.1722 0.1641 0.0175 0.2611 
215.8 0.1629 0.1570 0.0170 0.2566 
226.09 0.1663 0.1576 0.0189 0.2551 
236.38 0.1650 0.1596 0.0194 0.2539 
246.67 0.1628 0.1600 0.0202 0.2590 
256.96 0.1644 0.1607 0.0200 0.2558 
267.25 0.1605 0.1628 0.0215 0.2540 
277.54 0.1550 0.1561 0.0212 0.2474 
287.83 0.1613 0.1612 0.0227 0.2589 
298.12 0.1616 0.1650 0.0229 0.2533 
308.41 0.1640 0.1656 0.0244 0.2543 
318.7 0.1604 0.1649 0.0241 0.2503 
328.99 0.1600 0.1632 0.0244 0.2505 
339.28 0.1537 0.1603 0.0255 0.2401 
349.57 0.1625 0.1683 0.0274 0.2521 
















10 1354.00 1094.74 2.63 366.73 217.98 
20.29 1251.86 1036.24 2.93 336.87 203.35 
30.58 1208.85 1004.90 3.04 315.02 193.84 
40.87 1188.23 987.04 4.18 306.63 189.28 
51.16 1170.11 972.42 5.50 300.82 185.04 
61.45 1154.53 977.79 6.23 294.52 186.28 
71.74 1129.85 967.23 7.45 289.41 182.85 
82.03 1148.35 1011.18 7.79 288.24 175.36 
92.32 1120.67 981.67 9.15 288.34 180.32 
102.61 1102.06 989.47 9.97 286.76 177.09 
112.9 1114.20 994.30 11.35 284.90 183.25 
123.19 1112.55 997.05 12.06 283.16 180.35 
133.48 1109.17 989.39 13.17 281.24 185.40 
143.77 1093.15 992.51 14.25 282.55 177.34 
154.06 1097.07 992.45 14.89 279.69 177.83 
164.35 1093.67 1013.56 15.67 278.99 180.17 
174.64 1079.04 1018.28 16.34 277.98 180.32 
184.93 1082.17 1022.58 16.86 276.76 178.76 
195.22 1073.19 1021.75 17.76 276.46 184.62 
205.51 1083.16 1032.25 18.37 273.80 174.04 
215.8 1055.30 1016.96 18.38 277.02 179.19 
226.09 1074.00 1018.13 20.36 274.64 178.69 
236.38 1067.06 1032.62 20.87 273.72 178.97 
246.67 1049.54 1031.37 21.76 278.29 178.35 
256.96 1071.33 1046.94 21.68 277.76 180.25 
267.25 1030.77 1045.62 23.02 271.91 177.72 
277.54 1037.13 1044.41 23.66 275.96 185.15 
287.83 1036.01 1035.32 24.32 277.10 177.70 
298.12 1044.82 1067.00 24.67 272.95 178.89 
308.41 1040.01 1050.21 25.83 268.82 175.48 
318.7 1033.68 1062.50 25.89 268.83 178.28 
328.99 1035.83 1056.48 26.30 270.36 179.14 
339.28 1026.77 1070.38 28.39 267.24 184.77 
349.57 1025.93 1062.29 28.85 265.27 174.67 




Figure 7.54. Partial reaction order in boronic ester 4.10 – C3. 
 
Table 7.108. Concentration data for experiment 7.7 (C3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1702 0.1410 0.0018 0.2759 
20.29 0.1724 0.1442 0.0023 0.2745 
30.58 0.1753 0.1481 0.0033 0.2697 
40.87 0.1747 0.1478 0.0040 0.2691 
51.16 0.1739 0.1494 0.0050 0.2676 
61.45 0.1772 0.1525 0.0059 0.2692 
71.74 0.1728 0.1510 0.0067 0.2658 
82.03 0.1748 0.1537 0.0081 0.2671 
92.32 0.1759 0.1565 0.0087 0.2625 
102.61 0.1736 0.1543 0.0093 0.2629 
112.9 0.1729 0.1535 0.0104 0.2587 
123.19 0.1714 0.1543 0.0107 0.2579 
133.48 0.1704 0.1555 0.0120 0.2586 
143.77 0.1716 0.1589 0.0126 0.2619 
154.06 0.1694 0.1582 0.0136 0.2572 
164.35 0.1713 0.1597 0.0143 0.2618 
174.64 0.1700 0.1584 0.0154 0.2585 















Partial Reaction Order in Boronic Ester 4.10 - C3
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.108. (cont.) 
184.93 0.1687 0.1582 0.0155 0.2562 
195.22 0.1656 0.1573 0.0163 0.2543 
205.51 0.1681 0.1626 0.0175 0.2583 
215.8 0.1675 0.1630 0.0179 0.2553 
226.09 0.1652 0.1608 0.0183 0.2522 
236.38 0.1649 0.1626 0.0192 0.2517 
246.67 0.1646 0.1659 0.0201 0.2533 
256.96 0.1637 0.1638 0.0205 0.2520 
267.25 0.1638 0.1644 0.0210 0.2530 
277.54 0.1645 0.1676 0.0215 0.2472 
287.83 0.1628 0.1634 0.0215 0.2491 
298.12 0.1607 0.1661 0.0226 0.2490 
308.41 0.1625 0.1666 0.0236 0.2506 
318.7 0.1591 0.1650 0.0235 0.2441 
328.99 0.1604 0.1668 0.0243 0.2462 
339.28 0.1590 0.1692 0.0258 0.2470 
349.57 0.1599 0.1710 0.0262 0.2501 
359.86 0.1580 0.1706 0.0265 0.2475 
 












10 1333.44 1104.36 2.36 360.28 1333.44 
20.29 1238.11 1035.16 2.78 328.47 1238.11 
30.58 1185.57 1001.51 3.67 303.94 1185.57 
40.87 1159.38 981.00 4.39 297.62 1159.38 
51.16 1131.96 972.09 5.38 290.18 1131.96 
61.45 1123.26 967.09 6.27 284.46 1123.26 
71.74 1107.66 967.88 7.20 283.86 1107.66 
82.03 1105.92 972.48 8.53 281.59 1105.92 
92.32 1097.62 976.37 9.00 272.90 1097.62 
102.61 1094.73 973.31 9.82 276.38 1094.73 
112.9 1096.98 973.76 11.00 273.53 1096.98 
123.19 1088.99 980.55 11.31 273.03 1088.99 
133.48 1080.20 985.73 12.70 273.10 1080.20 
143.77 1075.25 995.87 13.16 273.55 1075.25 
154.06 1068.66 997.51 14.25 270.40 1068.66 
164.35 1070.70 998.52 14.90 272.79 1070.70 
174.64 1068.95 996.05 16.10 270.88 1068.95 
184.93 1063.05 997.08 16.28 269.16 1063.05 
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Table 7.109. (cont.) 
195.22 1051.42 998.45 17.26 269.12 1051.42 
205.51 1047.17 1012.82 18.19 268.18 1047.17 
215.8 1042.25 1013.88 18.60 264.71 1042.25 
226.09 1045.22 1017.08 19.28 265.87 1045.22 
236.38 1036.27 1021.95 20.10 263.66 1036.27 
246.67 1025.71 1033.87 20.82 263.07 1025.71 
256.96 1035.06 1035.22 21.62 265.47 1035.06 
267.25 1026.71 1030.21 21.99 264.31 1026.71 
277.54 1033.00 1052.84 22.51 258.77 1033.00 
287.83 1030.10 1033.95 22.63 262.63 1030.10 
298.12 1008.66 1042.49 23.60 260.45 1008.66 
308.41 1019.70 1045.18 24.72 262.06 1019.70 
318.7 1013.30 1050.89 24.90 259.11 1013.30 
328.99 1012.29 1052.28 25.57 258.93 1012.29 
339.28 997.82 1061.64 26.93 258.27 997.82 
349.57 998.48 1067.43 27.21 260.26 998.48 
359.86 990.98 1070.05 27.67 258.67 990.98 
 
Table 7.110. Summary of initial rates obtained at varying concentrations of boronic ester 4.10. 
Run A (0.033 M) 
(M/s) 
B (0.066 M) 
(M/s) 
C (0.133 M) 
(M/s) 
1 7.18E-05 7.16E-05 6.94E-05 
2 7.48E-05 7.24E-05 7.50E-05 
3 7.65E-05 7.82E-05 7.72E-05 
Average 7.44E-05 7.41E-05 7.39E-05 
stdev 2.3798E-06 3.6019E-06 4.0216E-06 
Log(average) -4.1286217 -4.1303772 -4.1315515 




Figure 7.55. Partial reaction order in boronic ester 4.10. 
Experiment 7.8: Determination of Partial Reaction Order in Arylpalladium Bromide 4.2. 
 
In a glovebox, an oven-dried, 2-mL, volumetric flask was charged with 913 mg (2.80 
mmol) of neopentyl 3,5-bistrifluoromethylphenylboronic ester (4.10), 330 µL (3.00 mmol) of 4-
bromofluorobenzene (4.9) using a 500 µL Hamilton syringe, and 100 µL (1.00 mmol) of 1,2-
difluorobenzene using a 250 µL Hamilton syringe. An oven-dried, 5-mL, volumetric flask was 
charged with 641 mg (5.00 mmol) of potassium trimethylsilanolate. Finally, an oven-dried, 2-mL 
flask was charged with 24.2 mg (50.0 µmol) of arylpalladium bromide catalyst 4.2. Sufficient THF 
was added to each volumetric to dissolve all solids, then each was diluted to the line to create three 
solutions: a THF solution of boronic ester 4.10 (1.40 M), aryl bromide 4.9 (1.50 M) and 1,2-
difluorobenzene (0.50 M), a THF solution of Pd catalyst 4.2 (25 mM), and a THF solution of 
TMSOK (1.00M). Each was transferred by pipette into three separate 20-mL scintiliation vials, 
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which were capped with septum caps. A fourth 20-mL scintillation vial was charged with 8 mL of 
THF, and capped with a septum cap. Finally, 18 oven-dried, 5-mm NMR tubes were capped with 
rubber septa. All items were removed from the glovebox. Of those tubes, 15 were used, and three 
held as backup in the event of an error during data collection. 
Into each NMR tube was dispensed 100 µL of the 1.40 M boronic ester 4.10, 1.50 M aryl 
bromide 4.9 and 0.50 M 1,2-difluorobenzene solution using a 250 µL Hamilton syringe. The NMR 
tubes were charged with catalyst and THF (not TMSOK) in sets of three (5 x 3 NMR tubes) 
according to the following table:  
Table 7.111. Preparation of samples for Experiment 7.8. 
 25 mM catalyst 
4.2 in THF (µL) 
THF (µL) 
A (1.04 mM Pd) 25 375 
B (2.08 mM Pd) 50 350 
C (4.16 mM Pd) 100 300 
D (6.25 mM Pd) 150 250 
E (8.32 mM Pd) 200 200 
 
Once prepared, all 5 mm NMR tubes were cooled to –78 °C using a dry ice/acetone bath. The 
probe of a 600 MHz NMR was cooled to –25 °C, and the software was set to record 35 FIDs, each 
with one transient and a relaxation delay of 10 seconds.  
Finally, prior to data acquisition a sample was charged at –78 °C (dry ice/acetone) with  
100 µL (0.10 mmol) of the 1.00 M solution of TMSOK in THF using a 250 uL Hamilton syringe 
equipped with a 10-inch needle. After waiting 10 seconds for the sample to cool to –78 °C the 
sample was mixed by holding on a vortexer for 5 seconds, cooling at –78 °C for 5 seconds, 
vortexing for 5 seconds, cooling at –78 °C for 8 seconds, then vortexting for 8 seconds. The NMR 
tube was removed from the dry ice/acetone bath, wiped once with a kimwipe, placed in an NMR 
spinner, and lowered into the NMR magnet, at which time acquisition began. The time between 
removal of the NMR tube from the bath and acquisition beginning was minimal, as a second 
researcher was present to insert the sample as soon as it was placed in the bore. This process was 
repeated for each of the 15 tubes described in Table 111. 
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The initial rate at each concentration was determined as the average of the instantaneous 
rate between 100 and 200 s, measured as the change in concentration of product. Product 




Figure 7.56. Partial reaction order in boronate 4.2 – A1. 
 
Table 7.112. Concentration data for Experiment 7.8 (A1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1561 0.0850 0.0008 0.2726 
20.29 0.1548 0.0836 0.0011 0.2675 
30.58 0.1588 0.0848 0.0011 0.2691 
40.87 0.1586 0.0847 0.0014 0.2640 
51.16 0.1623 0.0850 0.0020 0.2634 
61.45 0.1568 0.0831 0.0022 0.2569 
71.74 0.1595 0.0844 0.0027 0.2587 
82.03 0.1640 0.0865 0.0031 0.2589 
92.32 0.1619 0.0873 0.0034 0.2627 
102.61 0.1637 0.0877 0.0038 0.2644 
 















Partial Reaction Order in arylpalladium bromide 4.2 - A1
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.112. (cont.) 
112.9 0.1598 0.0861 0.0041 0.2572 
123.19 0.1582 0.0860 0.0046 0.2590 
133.48 0.1579 0.0859 0.0044 0.2564 
143.77 0.1591 0.0867 0.0049 0.2576 
154.06 0.1601 0.0866 0.0056 0.2599 
164.35 0.1608 0.0871 0.0057 0.2567 
174.64 0.1601 0.0880 0.0059 0.2574 
184.93 0.1584 0.0869 0.0060 0.2537 
195.22 0.1572 0.0870 0.0064 0.2557 
205.51 0.1583 0.0882 0.0065 0.2522 
215.8 0.1589 0.0881 0.0072 0.2577 
226.09 0.1593 0.0887 0.0072 0.2528 
236.38 0.1593 0.0891 0.0074 0.2581 
246.67 0.1599 0.0891 0.0078 0.2603 
256.96 0.1566 0.0873 0.0074 0.2541 
267.25 0.1591 0.0894 0.0083 0.2589 
277.54 0.1567 0.0881 0.0081 0.2553 
287.83 0.1559 0.0885 0.0084 0.2539 
298.12 0.1555 0.0888 0.0086 0.2528 
308.41 0.1558 0.0896 0.0093 0.2555 
318.7 0.1574 0.0900 0.0097 0.2545 
328.99 0.1548 0.0887 0.0100 0.2518 
339.28 0.1548 0.0895 0.0100 0.2510 
349.57 0.1551 0.0897 0.0103 0.2519 
359.86 0.1557 0.0906 0.0103 0.2541 
 












10 1398.37 761.293 1.237 407.178 247.916 
20.29 1296.34 700.438 1.494 373.429 231.747 
30.58 1251.42 668.427 1.418 353.575 218.088 
40.87 1221.24 652.099 1.812 338.851 213.057 
51.16 1209.45 632.906 2.511 327.017 206.123 
61.45 1193.18 632.072 2.823 325.748 210.49 
71.74 1190.22 629.984 3.384 321.669 206.44 
82.03 1182.16 623.954 3.704 311.091 199.466 
92.32 1176.21 633.768 4.095 318.028 200.96 
102.61 1175.45 629.647 4.6 316.541 198.712 
112.9 1172.31 631.953 5.037 314.583 203.009 
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Table 7.113. (cont.) 
123.19 1164.14 632.855 5.634 317.659 203.604 
133.48 1163.22 633.11 5.46 314.841 203.821 
143.77 1163.14 633.655 5.995 313.773 202.214 
154.06 1164.96 630.443 6.808 315.18 201.335 
164.35 1162.1 629.027 6.807 309.158 199.912 
174.64 1152.04 632.703 7.07 308.602 199.026 
184.93 1155.15 633.726 7.321 308.336 201.788 
195.22 1148.81 635.817 7.828 311.577 202.24 
205.51 1147.58 639.17 7.891 304.585 200.508 
215.8 1148.55 636.715 8.673 310.503 200.028 
226.09 1148.82 640.139 8.683 303.963 199.563 
236.38 1145.94 640.973 8.924 309.443 199.005 
246.67 1144.69 637.495 9.347 310.508 198.034 
256.96 1144 638.001 9.057 309.358 202.104 
267.25 1138.59 639.789 9.886 308.767 197.956 
277.54 1139.57 640.723 9.77 309.482 201.244 
287.83 1134.93 644.097 10.224 308.117 201.443 
298.12 1133.2 647.442 10.459 307.069 201.663 
308.41 1130.63 650.087 11.195 309.042 200.824 
318.7 1129.66 646.013 11.561 304.417 198.564 
328.99 1126.79 645.794 12.192 305.619 201.444 
339.28 1124.5 650.051 12.076 303.917 201.03 
349.57 1125.65 651.377 12.421 304.807 200.835 




Figure 7.57. Partial reaction order in boronate 4.2 – A2. 
 
Table 7.114. Concentration data for Experiment 7.8 (A2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1621 0.0745 0.0011 0.2774 
20.29 0.1640 0.0755 0.0009 0.2755 
30.58 0.1647 0.0759 0.0013 0.2692 
40.87 0.1655 0.0768 0.0012 0.2651 
51.16 0.1664 0.0765 0.0020 0.2645 
61.45 0.1691 0.0778 0.0022 0.2647 
71.74 0.1657 0.0778 0.0027 0.2614 
82.03 0.1652 0.0776 0.0031 0.2597 
92.32 0.1649 0.0777 0.0034 0.2574 
102.61 0.1659 0.0787 0.0040 0.2604 
112.9 0.1635 0.0783 0.0043 0.2597 
123.19 0.1645 0.0783 0.0044 0.2580 
133.48 0.1632 0.0790 0.0049 0.2566 
143.77 0.1641 0.0789 0.0050 0.2568 
154.06 0.1648 0.0796 0.0050 0.2547 
164.35 0.1638 0.0790 0.0056 0.2580 
174.64 0.1640 0.0801 0.0061 0.2581 















Partial Reaction Order in arylpalladium bromide 4.2 - A2
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.114. (cont.) 
184.93 0.1670 0.0818 0.0067 0.2620 
195.22 0.1653 0.0803 0.0066 0.2565 
205.51 0.1655 0.0826 0.0065 0.2613 
215.8 0.1651 0.0810 0.0072 0.2593 
226.09 0.1629 0.0807 0.0074 0.2572 
236.38 0.1616 0.0806 0.0076 0.2546 
246.67 0.1622 0.0807 0.0078 0.2549 
256.96 0.1658 0.0832 0.0081 0.2596 
267.25 0.1606 0.0812 0.0083 0.2543 
277.54 0.1624 0.0822 0.0085 0.2549 
287.83 0.1618 0.0822 0.0087 0.2553 
298.12 0.1644 0.0845 0.0093 0.2574 
308.41 0.1617 0.0827 0.0089 0.2531 
318.7 0.1617 0.0840 0.0095 0.2537 
328.99 0.1618 0.0839 0.0098 0.2546 
339.28 0.1600 0.0836 0.0102 0.2533 
349.57 0.1608 0.0838 0.0105 0.2526 
359.86 0.1610 0.0841 0.0107 0.2527 
 












10 1437.32	 660.96	 1.65	 410.09	 245.36	
20.29 1333.61	 613.77	 1.21	 373.43	 225.02	
30.58 1281.19	 590.01	 1.66	 348.93	 215.19	
40.87 1243.08	 577.16	 1.48	 331.86	 207.81	
51.16 1231.31	 566.12	 2.42	 326.34	 204.77	
61.45 1219.55	 561.46	 2.60	 318.18	 199.57	
71.74 1204.02	 565.10	 3.32	 316.55	 201.01	
82.03 1199.25	 563.54	 3.72	 314.19	 200.83	
92.32 1198.85	 564.65	 4.09	 312.00	 201.18	
102.61 1192.97	 566.21	 4.78	 312.02	 198.92	
112.9 1186.68	 568.04	 5.19	 314.18	 200.81	
123.19 1184.82	 563.89	 5.27	 309.74	 199.28	
133.48 1181.37	 571.61	 5.86	 309.47	 200.23	
143.77 1187.79	 571.26	 6.00	 309.85	 200.27	
154.06 1189.96	 574.97	 6.05	 306.46	 199.76	
164.35 1179.65	 568.82	 6.71	 309.66	 199.21	
174.64 1178.29	 575.04	 7.27	 309.04	 198.74	
184.93 1179.91	 577.95	 7.93	 308.43	 195.45	
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Table 7.115. (cont.) 
195.22 1185.92	 576.26	 7.93	 306.76	 198.51	
205.51 1166.60	 582.33	 7.69	 307.01	 195.04	
215.8 1175.35	 576.90	 8.52	 307.57	 196.93	
226.09 1166.63	 577.77	 8.87	 306.94	 198.13	
236.38 1167.48	 582.12	 9.16	 306.53	 199.84	
246.67 1170.42	 582.49	 9.43	 306.56	 199.64	
256.96 1167.41	 585.70	 9.56	 304.73	 194.84	
267.25 1158.05	 585.29	 10.02	 305.51	 199.44	
277.54 1164.32	 589.49	 10.16	 304.66	 198.41	
287.83 1162.35	 590.71	 10.40	 305.70	 198.78	
298.12 1158.53	 595.19	 10.97	 302.25	 194.96	
308.41 1160.58	 593.46	 10.64	 302.67	 198.52	
318.7 1160.66	 602.97	 11.34	 303.51	 198.62	
328.99 1155.20	 598.78	 11.64	 303.02	 197.56	
339.28 1150.35	 601.48	 12.25	 303.60	 198.97	
349.57 1152.77	 600.94	 12.58	 301.84	 198.35	
359.86 1152.56	 602.40	 12.73	 301.63	 198.12	
 
 
Figure 7.58. Partial reaction order in 4.2 – A3. 
 















Partial Reaction Order in arylpalladium bromide 4.2 - A3
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.116. Concentration data for Experiment 7.8 (A3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1705 0.0647 0.0003 0.2723 
20.29 0.1698 0.0649 0.0005 0.2680 
30.58 0.1734 0.0667 0.0009 0.2669 
40.87 0.1744 0.0667 0.0011 0.2642 
51.16 0.1746 0.0678 0.0014 0.2620 
61.45 0.1758 0.0690 0.0022 0.2659 
71.74 0.1720 0.0690 0.0024 0.2612 
82.03 0.1710 0.0686 0.0032 0.2577 
92.32 0.1724 0.0690 0.0035 0.2604 
102.61 0.1711 0.0688 0.0036 0.2552 
112.9 0.1732 0.0688 0.0042 0.2590 
123.19 0.1724 0.0702 0.0044 0.2574 
133.48 0.1758 0.0727 0.0045 0.2629 
143.77 0.1704 0.0684 0.0051 0.2573 
154.06 0.1717 0.0714 0.0054 0.2581 
164.35 0.1708 0.0713 0.0060 0.2563 
174.64 0.1723 0.0713 0.0062 0.2596 
184.93 0.1712 0.0720 0.0061 0.2565 
195.22 0.1699 0.0714 0.0066 0.2570 
205.51 0.1751 0.0733 0.0070 0.2614 
215.8 0.1709 0.0732 0.0073 0.2581 
226.09 0.1686 0.0727 0.0075 0.2561 
236.38 0.1683 0.0734 0.0077 0.2552 
246.67 0.1675 0.0718 0.0081 0.2552 
256.96 0.1698 0.0745 0.0083 0.2558 
267.25 0.1691 0.0731 0.0089 0.2553 
277.54 0.1675 0.0728 0.0085 0.2533 
287.83 0.1676 0.0748 0.0092 0.2558 
298.12 0.1689 0.0744 0.0094 0.2553 
308.41 0.1678 0.0741 0.0094 0.2520 
318.7 0.1664 0.0735 0.0103 0.2516 
328.99 0.1670 0.0736 0.0100 0.2532 
339.28 0.1709 0.0775 0.0111 0.2596 
349.57 0.1682 0.0760 0.0112 0.2547 
















10 1438.03 545.42 0.41 382.85 233.39 
20.29 1333.46 509.43 0.72 350.68 217.22 
30.58 1288.43 495.35 1.17 330.52 205.54 
40.87 1259.60 481.81 1.28 318.06 199.84 
51.16 1244.22 482.93 1.70 311.26 197.17 
61.45 1219.97 478.89 2.51 307.54 191.97 
71.74 1207.45 484.32 2.85 305.53 194.21 
82.03 1202.80 482.72 3.76 302.14 194.66 
92.32 1200.15 480.59 4.01 302.13 192.60 
102.61 1198.64 482.17 4.19 297.86 193.77 
112.9 1201.73 477.17 4.84 299.49 191.97 
123.19 1190.26 484.74 5.08 296.11 190.98 
133.48 1195.00 494.18 5.11 297.79 188.03 
143.77 1187.64 476.70 5.90 298.98 192.87 
154.06 1182.96 491.52 6.15 296.25 190.57 
164.35 1187.04 495.47 6.92 296.88 192.27 
174.64 1186.58 490.78 7.09 298.07 190.57 
184.93 1185.10 498.34 7.08 295.91 191.54 
195.22 1164.87 489.19 7.58 293.62 189.66 
205.51 1185.44 496.15 7.85 294.83 187.27 
215.8 1170.70 501.41 8.28 294.72 189.54 
226.09 1165.97 502.98 8.62 295.26 191.36 
236.38 1162.29 507.11 8.92 293.70 191.03 
246.67 1162.72 498.47 9.32 295.19 192.02 
256.96 1164.88 511.27 9.47 292.45 189.79 
267.25 1165.61 504.00 10.21 293.35 190.71 
277.54 1159.32 503.72 9.82 292.33 191.54 
287.83 1147.47 512.17 10.49 291.82 189.40 
298.12 1158.10 510.44 10.80 291.75 189.72 
308.41 1158.50 511.80 10.80 289.95 190.99 
318.7 1139.15 502.92 11.74 287.05 189.42 
328.99 1152.90 507.78 11.50 291.29 190.99 
339.28 1138.08 515.93 12.34 288.12 184.26 
349.57 1148.37 519.16 12.76 289.82 188.92 




Figure 7.59. Partial reaction order in 4.2 – B1. 
 
Table 7.118. Concentration data for Experiment 7.8 (B1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1643 0.0728 0.0027 0.2725 
20.29 0.1648 0.0736 0.0029 0.2680 
30.58 0.1660 0.0738 0.0031 0.2617 
40.87 0.1716 0.0769 0.0039 0.2685 
51.16 0.1661 0.0756 0.0043 0.2639 
61.45 0.1677 0.0762 0.0046 0.2589 
71.74 0.1679 0.0770 0.0056 0.2598 
82.03 0.1671 0.0774 0.0059 0.2572 
92.32 0.1667 0.0777 0.0065 0.2573 
102.61 0.1664 0.0775 0.0069 0.2561 
112.9 0.1655 0.0773 0.0075 0.2557 
123.19 0.1662 0.0779 0.0083 0.2524 
133.48 0.1667 0.0793 0.0085 0.2537 
143.77 0.1640 0.0785 0.0092 0.2526 
154.06 0.1665 0.0806 0.0100 0.2538 
164.35 0.1634 0.0799 0.0099 0.2527 
174.64 0.1640 0.0796 0.0103 0.2529 















Partial Reaction Order in arylpalladium bromide 4.2 - B1
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.118. (cont.) 
184.93 0.1621 0.0810 0.0110 0.2521 
195.22 0.1631 0.0803 0.0114 0.2518 
205.51 0.1620 0.0817 0.0118 0.2531 
215.8 0.1622 0.0827 0.0127 0.2538 
226.09 0.1630 0.0827 0.0132 0.2533 
236.38 0.1632 0.0827 0.0132 0.2494 
246.67 0.1613 0.0837 0.0137 0.2496 
256.96 0.1623 0.0829 0.0142 0.2521 
267.25 0.1599 0.0843 0.0145 0.2496 
277.54 0.1594 0.0850 0.0152 0.2472 
287.83 0.1597 0.0832 0.0153 0.2490 
298.12 0.1594 0.0852 0.0156 0.2513 
308.41 0.1588 0.0842 0.0163 0.2471 
318.7 0.1593 0.0865 0.0167 0.2459 
328.99 0.1600 0.0863 0.0168 0.2469 
339.28 0.1610 0.0868 0.0178 0.2506 
349.57 0.1572 0.0855 0.0175 0.2441 
359.86 0.1569 0.0864 0.0183 0.2458 
 












10 1444.39 640.10 3.91 399.39 243.29 
20.29 1341.45 599.43 3.97 363.67 225.24 
30.58 1293.55 575.00 4.04 339.90 215.61 
40.87 1257.66 563.89 4.75 328.07 202.80 
51.16 1234.37 561.93 5.27 326.91 205.61 
61.45 1226.75 557.61 5.57 315.50 202.33 
71.74 1214.79 557.04 6.73 313.36 200.21 
82.03 1210.22 560.59 7.14 310.40 200.33 
92.32 1204.52 561.42 7.85 309.89 199.95 
102.61 1201.61 559.71 8.30 308.30 199.84 
112.9 1194.54 558.09 9.04 307.56 199.65 
123.19 1195.13 560.38 9.98 302.49 198.91 
133.48 1189.38 565.68 10.05 301.74 197.45 
143.77 1180.75 565.26 11.00 303.11 199.16 
154.06 1182.78 572.17 11.80 300.50 196.52 
164.35 1176.62 575.05 11.87 303.25 199.18 
174.64 1180.83 572.93 12.35 303.57 199.24 
184.93 1169.25 584.51 13.20 303.03 199.56 
 707 
Table 7.119. (cont.) 
195.22 1175.14 578.81 13.70 302.46 199.37 
205.51 1162.86 586.86 14.08 302.92 198.64 
215.8 1153.17 587.82 15.05 300.79 196.70 
226.09 1158.55 587.93 15.65 300.14 196.67 
236.38 1160.11 587.99 15.66 295.54 196.72 
246.67 1154.02 598.99 16.32 297.62 197.90 
256.96 1147.79 586.40 16.72 297.05 195.62 
267.25 1141.99 602.37 17.25 297.14 197.66 
277.54 1137.45 606.24 18.10 294.02 197.40 
287.83 1139.78 594.24 18.24 296.29 197.49 
298.12 1132.64 605.57 18.45 297.63 196.64 
308.41 1133.91 601.29 19.37 294.22 197.62 
318.7 1134.93 616.23 19.83 292.06 197.14 
328.99 1133.05 610.62 19.81 291.30 195.87 
339.28 1133.37 611.11 20.86 294.10 194.78 
349.57 1123.72 611.01 20.87 290.81 197.77 
359.86 1126.30 620.39 21.86 294.03 198.54 
 
 
Figure 7.60. Partial reaction order in 4.2 – B2. 
 















Partial Reaction Order in arylpalladium bromide 4.2 - B2
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.120. Concentration data for Experiment 7.8 (B2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1590 0.0722 0.0021 0.2643 
20.29 0.1611 0.0739 0.0017 0.2645 
30.58 0.1654 0.0745 0.0025 0.2641 
40.87 0.1653 0.0757 0.0028 0.2618 
51.16 0.1649 0.0767 0.0032 0.2594 
61.45 0.1657 0.0781 0.0039 0.2594 
71.74 0.1659 0.0787 0.0049 0.2609 
82.03 0.1690 0.0803 0.0052 0.2660 
92.32 0.1669 0.0801 0.0068 0.2595 
102.61 0.1662 0.0804 0.0064 0.2584 
112.9 0.1644 0.0804 0.0073 0.2579 
123.19 0.1647 0.0810 0.0072 0.2578 
133.48 0.1639 0.0818 0.0079 0.2579 
143.77 0.1655 0.0822 0.0083 0.2612 
154.06 0.1625 0.0812 0.0083 0.2561 
164.35 0.1623 0.0814 0.0090 0.2536 
174.64 0.1612 0.0824 0.0096 0.2534 
184.93 0.1607 0.0819 0.0100 0.2533 
195.22 0.1602 0.0833 0.0105 0.2536 
205.51 0.1609 0.0842 0.0112 0.2526 
215.8 0.1607 0.0832 0.0115 0.2518 
226.09 0.1588 0.0844 0.0118 0.2521 
236.38 0.1621 0.0865 0.0128 0.2559 
246.67 0.1595 0.0851 0.0129 0.2499 
256.96 0.1577 0.0849 0.0132 0.2493 
267.25 0.1587 0.0866 0.0140 0.2525 
277.54 0.1606 0.0873 0.0142 0.2541 
287.83 0.1587 0.0874 0.0149 0.2526 
298.12 0.1562 0.0866 0.0146 0.2465 
308.41 0.1551 0.0863 0.0154 0.2466 
318.7 0.1579 0.0888 0.0158 0.2507 
328.99 0.1588 0.0903 0.0169 0.2552 
339.28 0.1588 0.0901 0.0170 0.2521 
349.57 0.1547 0.0884 0.0169 0.2468 
















10 1407.72 639.32 3.08 390.07 244.98 
20.29 1304.85 598.12 2.27 356.97 224.02 
30.58 1262.78 568.75 3.13 336.10 211.28 
40.87 1230.86 564.04 3.45 324.96 206.06 
51.16 1211.29 563.49 3.94 317.58 203.27 
61.45 1198.69 564.95 4.65 312.72 200.15 
71.74 1191.91 565.35 5.90 312.43 198.80 
82.03 1188.22 564.65 6.13 311.65 194.49 
92.32 1181.28 566.78 8.07 306.06 195.81 
102.61 1176.62 569.17 7.50 304.92 195.88 
112.9 1172.58 573.10 8.63 306.58 197.30 
123.19 1170.20 575.32 8.48 305.32 196.59 
133.48 1161.33 579.70 9.31 304.56 195.99 
143.77 1165.04 578.67 9.78 306.57 194.80 
154.06 1160.34 579.99 9.92 304.82 197.59 
164.35 1159.81 581.97 10.75 302.04 197.69 
174.64 1148.22 587.26 11.39 300.92 197.10 
184.93 1149.63 585.71 11.91 302.01 197.90 
195.22 1141.31 593.17 12.45 301.04 197.06 
205.51 1139.89 596.47 13.22 298.38 196.06 
215.8 1145.04 592.90 13.70 298.92 197.08 
226.09 1131.88 601.24 14.05 299.44 197.15 
236.38 1133.83 605.17 14.91 298.32 193.49 
246.67 1134.45 605.49 15.27 296.33 196.81 
256.96 1125.86 606.04 15.73 296.75 197.58 
267.25 1124.49 613.61 16.51 298.28 196.07 
277.54 1119.54 608.69 16.46 295.19 192.82 
287.83 1119.98 616.81 17.59 297.14 195.29 
298.12 1112.56 617.10 17.36 292.63 197.06 
308.41 1112.67 618.76 18.44 294.76 198.46 
318.7 1112.31 625.84 18.50 294.34 194.90 
328.99 1102.17 626.67 19.54 295.11 191.98 
339.28 1112.25 630.88 19.88 294.28 193.78 
349.57 1105.09 631.32 20.08 293.81 197.62 




Figure 7.61. Partial reaction order in 4.2 – B3. 
 
Table 7.122. Concentration data for Experiment 7.8 (B3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1603 0.0770 0.0013 0.2724 
20.29 0.1577 0.0765 0.0013 0.2621 
30.58 0.1579 0.0773 0.0018 0.2648 
40.87 0.1598 0.0803 0.0026 0.2621 
51.16 0.1604 0.0800 0.0030 0.2616 
61.45 0.1604 0.0810 0.0040 0.2592 
71.74 0.1615 0.0814 0.0044 0.2578 
82.03 0.1685 0.0862 0.0056 0.2744 
92.32 0.1600 0.0831 0.0062 0.2607 
102.61 0.1575 0.0832 0.0060 0.2597 
112.9 0.1557 0.0835 0.0069 0.2560 
123.19 0.1582 0.0841 0.0076 0.2571 
133.48 0.1568 0.0843 0.0079 0.2543 
143.77 0.1617 0.0875 0.0089 0.2533 
154.06 0.1587 0.0859 0.0091 0.2491 
164.35 0.1565 0.0853 0.0096 0.2539 
174.64 0.1570 0.0859 0.0102 0.2571 















Partial Reaction Order in arylpalladium bromide 4.2 - B3
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.122. (cont.) 
184.93 0.1538 0.0860 0.0106 0.2503 
195.22 0.1569 0.0882 0.0104 0.2530 
205.51 0.1562 0.0874 0.0111 0.2506 
215.8 0.1597 0.0914 0.0124 0.2529 
226.09 0.1555 0.0874 0.0122 0.2510 
236.38 0.1511 0.0883 0.0125 0.2492 
246.67 0.1546 0.0890 0.0129 0.2518 
256.96 0.1524 0.0894 0.0133 0.2484 
267.25 0.1527 0.0898 0.0143 0.2504 
277.54 0.1518 0.0898 0.0146 0.2495 
287.83 0.1533 0.0909 0.0161 0.2489 
298.12 0.1526 0.0920 0.0157 0.2525 
308.41 0.1471 0.0906 0.0155 0.2417 
318.7 0.1516 0.0908 0.0165 0.2466 
328.99 0.1536 0.0942 0.0176 0.2508 
339.28 0.1489 0.0924 0.0170 0.2459 
349.57 0.1504 0.0939 0.0181 0.2477 
359.86 0.1528 0.0948 0.0183 0.2510 
 












10 1372.23 658.96 1.90 388.59 236.82 
20.29 1275.38 618.51 1.73 353.23 223.71 
30.58 1228.86 601.24 2.33 343.42 215.30 
40.87 1196.22 601.21 3.26 327.03 207.11 
51.16 1174.01 585.63 3.72 319.20 202.53 
61.45 1161.45 586.39 4.86 312.76 200.33 
71.74 1160.17 584.80 5.27 308.66 198.75 
82.03 1147.74 586.79 6.39 311.39 188.40 
92.32 1149.24 596.80 7.37 312.08 198.69 
102.61 1135.22 599.41 7.17 312.02 199.41 
112.9 1127.67 605.12 8.32 309.01 200.39 
123.19 1130.65 601.37 9.00 306.29 197.73 
133.48 1128.82 607.13 9.50 305.16 199.18 
143.77 1128.84 610.72 10.31 294.67 193.14 
154.06 1128.22 610.47 10.80 295.22 196.71 
164.35 1119.84 610.50 11.46 302.70 197.93 
174.64 1120.83 613.56 12.11 305.91 197.54 
184.93 1115.37 623.34 12.81 302.45 200.62 
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Table 7.123. (cont.)  
195.22 1114.17 626.63 12.34 299.46 196.46 
205.51 1113.14 623.10 13.23 297.67 197.17 
215.8 1106.96 633.54 14.30 292.10 191.77 
226.09 1111.22 624.55 14.50 298.90 197.65 
236.38 1092.60 638.44 15.11 300.30 200.02 
246.67 1102.42 634.69 15.34 299.21 197.24 
256.96 1093.59 641.46 15.93 297.00 198.52 
267.25 1090.61 641.26 17.01 298.00 197.54 
277.54 1093.26 647.29 17.53 299.53 199.31 
287.83 1090.03 646.20 19.02 294.99 196.73 
298.12 1081.87 652.00 18.61 298.35 196.16 
308.41 1073.52 661.02 18.90 294.05 201.92 
318.7 1085.81 650.55 19.75 294.51 198.21 
328.99 1076.99 660.79 20.63 293.07 194.01 
339.28 1067.60 662.54 20.37 293.81 198.37 
349.57 1065.43 665.15 21.34 292.50 196.04 
359.86 1074.36 666.77 21.40 294.06 194.50 
 
 
Figure 7.62. Partial reaction order in 4.2 – C1. 
 















Partial Reaction Order in arylpalladium bromide 4.2 - C1
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.124. Concentration data for Experiment 7.8 (C1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1646 0.0696 0.0039 0.2704 
20.29 0.1654 0.0702 0.0038 0.2649 
30.58 0.1678 0.0723 0.0047 0.2627 
40.87 0.1667 0.0723 0.0053 0.2590 
51.16 0.1670 0.0733 0.0060 0.2571 
61.45 0.1666 0.0740 0.0071 0.2556 
71.74 0.1677 0.0768 0.0080 0.2576 
82.03 0.1692 0.0781 0.0093 0.2604 
92.32 0.1675 0.0781 0.0102 0.2557 
102.61 0.1650 0.0786 0.0107 0.2521 
112.9 0.1627 0.0789 0.0116 0.2507 
123.19 0.1640 0.0799 0.0124 0.2529 
133.48 0.1648 0.0807 0.0128 0.2519 
143.77 0.1642 0.0810 0.0135 0.2525 
154.06 0.1612 0.0811 0.0145 0.2486 
164.35 0.1615 0.0818 0.0150 0.2496 
174.64 0.1641 0.0846 0.0161 0.2531 
184.93 0.1611 0.0831 0.0167 0.2457 
195.22 0.1624 0.0855 0.0175 0.2523 
205.51 0.1595 0.0840 0.0179 0.2480 
215.8 0.1610 0.0864 0.0190 0.2496 
226.09 0.1594 0.0853 0.0194 0.2464 
236.38 0.1554 0.0852 0.0200 0.2432 
246.67 0.1568 0.0867 0.0204 0.2439 
256.96 0.1582 0.0888 0.0215 0.2448 
267.25 0.1550 0.0880 0.0218 0.2440 
277.54 0.1552 0.0879 0.0220 0.2414 
287.83 0.1550 0.0891 0.0234 0.2418 
298.12 0.1540 0.0903 0.0234 0.2417 
308.41 0.1534 0.0892 0.0238 0.2408 
318.7 0.1521 0.0900 0.0251 0.2405 
328.99 0.1527 0.0917 0.0259 0.2387 
339.28 0.1529 0.0918 0.0261 0.2373 
349.57 0.1504 0.0909 0.0274 0.2337 
















10 1425.72 603.25 5.63 390.31 239.65 
20.29 1324.26 562.25 5.09 353.47 221.46 
30.58 1272.16 547.94 5.92 331.94 209.73 
40.87 1238.65 537.41 6.62 320.78 205.59 
51.16 1218.39 534.68 7.30 312.52 201.81 
61.45 1199.65 532.78 8.58 306.74 199.19 
71.74 1188.74 544.61 9.42 304.41 196.16 
82.03 1180.52 544.52 10.85 302.79 193.00 
92.32 1173.11 546.85 11.94 298.54 193.79 
102.61 1166.34 555.58 12.58 296.98 195.52 
112.9 1155.35 560.41 13.71 296.69 196.47 
123.19 1157.30 564.10 14.57 297.44 195.22 
133.48 1155.40 565.86 14.96 294.32 193.96 
143.77 1150.94 567.99 15.73 295.05 193.95 
154.06 1143.65 575.56 17.20 293.94 196.26 
164.35 1140.79 577.63 17.70 293.93 195.47 
174.64 1135.20 585.41 18.62 291.89 191.44 
184.93 1132.13 583.83 19.51 287.76 194.40 
195.22 1121.86 590.69 20.12 290.56 191.15 
205.51 1121.71 590.53 20.97 290.61 194.52 
215.8 1118.91 600.60 21.96 289.09 192.26 
226.09 1118.35 598.21 22.67 288.08 194.11 
236.38 1104.05 605.32 23.70 287.87 196.52 
246.67 1106.18 611.45 23.98 286.76 195.14 
256.96 1107.13 621.34 25.08 285.50 193.62 
267.25 1088.75 618.27 25.52 285.67 194.37 
277.54 1097.81 621.61 25.95 284.64 195.71 
287.83 1085.58 624.10 27.36 282.30 193.83 
298.12 1077.95 631.99 27.35 281.99 193.67 
308.41 1078.26 627.23 27.93 282.13 194.50 
318.7 1063.52 629.43 29.30 280.30 193.48 
328.99 1074.07 645.39 30.34 279.83 194.62 
339.28 1074.40 644.93 30.52 277.98 194.45 
349.57 1056.87 638.88 32.09 273.77 194.47 




Figure 7.63. Partial reaction order in 4.2 – C2. 
 
Table 7.126. Concentration data for Experiment 7.8 (C2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1631 0.0720 0.0025 0.2693 
20.29 0.1637 0.0740 0.0028 0.2660 
30.58 0.1654 0.0751 0.0037 0.2630 
40.87 0.1658 0.0756 0.0045 0.2611 
51.16 0.1662 0.0763 0.0051 0.2579 
61.45 0.1658 0.0775 0.0060 0.2553 
71.74 0.1684 0.0784 0.0073 0.2579 
82.03 0.1636 0.0780 0.0077 0.2557 
92.32 0.1657 0.0810 0.0089 0.2542 
102.61 0.1659 0.0811 0.0098 0.2556 
112.9 0.1650 0.0820 0.0103 0.2538 
123.19 0.1655 0.0828 0.0114 0.2602 
133.48 0.1606 0.0823 0.0118 0.2496 
143.77 0.1626 0.0835 0.0134 0.2547 
154.06 0.1620 0.0834 0.0135 0.2526 
164.35 0.1596 0.0841 0.0135 0.2468 
174.64 0.1591 0.0841 0.0145 0.2413 















Partial Reaction Order in arylpalladium bromide 4.2 - C2
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.126. (cont.) 
184.93 0.1610 0.0872 0.0156 0.2494 
195.22 0.1633 0.0889 0.0167 0.2536 
205.51 0.1621 0.0885 0.0173 0.2492 
215.8 0.1544 0.0856 0.0169 0.2444 
226.09 0.1563 0.0889 0.0183 0.2472 
236.38 0.1595 0.0895 0.0188 0.2457 
246.67 0.1561 0.0895 0.0193 0.2443 
256.96 0.1549 0.0892 0.0205 0.2435 
267.25 0.1556 0.0912 0.0209 0.2483 
277.54 0.1514 0.0895 0.0212 0.2406 
287.83 0.1572 0.0934 0.0217 0.2492 
298.12 0.1539 0.0916 0.0227 0.2441 
308.41 0.1543 0.0930 0.0238 0.2467 
318.7 0.1528 0.0940 0.0239 0.2396 
328.99 0.1511 0.0919 0.0243 0.2412 
339.28 0.1568 0.0961 0.0255 0.2471 
349.57 0.1530 0.0958 0.0257 0.2455 
359.86 0.1510 0.0957 0.0258 0.2375 
 












10 1415.65 624.97 3.69 389.74 240.20 
20.29 1316.69 594.94 3.75 356.71 222.58 
30.58 1272.80 577.66 4.77 337.25 212.85 
40.87 1244.12 567.43 5.67 326.60 207.65 
51.16 1236.92 568.00 6.33 319.94 205.97 
61.45 1221.11 570.74 7.42 313.30 203.75 
71.74 1212.52 564.79 8.74 309.48 199.22 
82.03 1186.07 565.29 9.29 308.96 200.58 
92.32 1189.59 581.67 10.69 304.16 198.64 
102.61 1199.16 586.54 11.84 307.99 200.04 
112.9 1187.48 590.01 12.38 304.49 199.17 
123.19 1172.54 586.61 13.42 307.35 196.05 
133.48 1172.33 600.46 14.34 303.60 201.91 
143.77 1164.91 598.58 16.06 304.24 198.27 
154.06 1159.06 596.93 16.10 301.24 197.94 
164.35 1158.47 610.65 16.32 298.61 200.85 
174.64 1142.82 604.10 17.39 288.83 198.70 
184.93 1155.29 625.96 18.68 298.24 198.51 
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Table 7.127. (cont.) 
195.22 1152.61 627.32 19.67 298.26 195.22 
205.51 1140.89 622.66 20.33 292.38 194.76 
215.8 1126.53 624.23 20.53 297.18 201.82 
226.09 1122.39 637.93 21.86 295.83 198.62 
236.38 1134.99 636.57 22.26 291.43 196.88 
246.67 1135.08 650.69 23.43 296.05 201.20 
256.96 1115.42 642.30 24.58 292.27 199.21 
267.25 1110.41 651.12 24.87 295.45 197.50 
277.54 1106.82 654.73 25.88 293.28 202.31 
287.83 1106.11 657.32 25.41 292.31 194.70 
298.12 1110.68 661.14 27.36 293.66 199.68 
308.41 1095.81 660.66 28.14 291.93 196.46 
318.7 1102.27 677.92 28.70 288.13 199.59 
328.99 1090.70 663.50 29.29 290.23 199.73 
339.28 1097.44 672.49 29.73 288.22 193.61 
349.57 1076.71 674.41 30.16 287.90 194.67 
359.86 1088.64 689.76 30.95 285.28 199.42 
 
 
Figure 7.64. Partial reaction order in 4.2 – C3. 
 















Partial Reaction Order in arylpalladium bromide 4.2 - C3
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.128. Concentration data for Experiment 7.8 (C3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1598 0.0765 0.0021 0.2794 
20.29 0.1575 0.0761 0.0024 0.2617 
30.58 0.1627 0.0773 0.0033 0.2628 
40.87 0.1620 0.0782 0.0045 0.2622 
51.16 0.1667 0.0822 0.0053 0.2676 
61.45 0.1625 0.0818 0.0066 0.2610 
71.74 0.1645 0.0849 0.0074 0.2623 
82.03 0.1579 0.0825 0.0077 0.2566 
92.32 0.1569 0.0843 0.0097 0.2601 
102.61 0.1603 0.0865 0.0107 0.2606 
112.9 0.1533 0.0832 0.0110 0.2515 
123.19 0.1536 0.0843 0.0122 0.2535 
133.48 0.1524 0.0861 0.0128 0.2500 
143.77 0.1541 0.0892 0.0139 0.2506 
154.06 0.1508 0.0877 0.0141 0.2474 
164.35 0.1536 0.0887 0.0155 0.2487 
174.64 0.1494 0.0879 0.0164 0.2490 
184.93 0.1495 0.0887 0.0172 0.2459 
195.22 0.1479 0.0927 0.0186 0.2461 
205.51 0.1538 0.0940 0.0192 0.2529 
215.8 0.1501 0.0923 0.0199 0.2480 
226.09 0.1473 0.0939 0.0205 0.2438 
236.38 0.1523 0.0971 0.0224 0.2528 
246.67 0.1483 0.0937 0.0224 0.2436 
256.96 0.1453 0.0967 0.0227 0.2460 
267.25 0.1460 0.0964 0.0244 0.2410 
277.54 0.1461 0.0967 0.0247 0.2416 
287.83 0.1443 0.0975 0.0247 0.2386 
298.12 0.1422 0.0992 0.0261 0.2459 
308.41 0.1473 0.1000 0.0272 0.2421 
318.7 0.1415 0.0994 0.0275 0.2394 
328.99 0.1391 0.0984 0.0278 0.2356 
339.28 0.1443 0.1032 0.0296 0.2396 
349.57 0.1412 0.1023 0.0297 0.2371 
















10 1344.54 643.95 2.90 391.68 232.75 
20.29 1255.19 606.34 3.12 347.58 220.45 
30.58 1213.55 576.61 4.11 326.64 206.36 
40.87 1174.83 567.50 5.39 316.98 200.70 
51.16 1154.42 568.89 6.17 308.87 191.58 
61.45 1138.54 573.01 7.76 304.75 193.84 
71.74 1119.81 578.44 8.41 297.63 188.39 
82.03 1107.49 578.89 8.99 299.95 194.03 
92.32 1096.33 588.96 11.28 302.80 193.27 
102.61 1098.68 592.41 12.21 297.59 189.59 
112.9 1091.12 592.25 13.02 298.24 196.86 
123.19 1091.29 598.80 14.49 300.10 196.50 
133.48 1074.35 607.16 15.03 293.86 195.10 
143.77 1071.68 620.54 16.12 290.47 192.39 
154.06 1063.01 618.44 16.60 290.63 195.04 
164.35 1069.90 617.69 18.03 288.80 192.77 
174.64 1056.40 621.49 19.33 293.39 195.63 
184.93 1051.20 623.63 20.12 288.12 194.53 
195.22 1032.81 647.37 21.69 286.41 193.17 
205.51 1045.77 639.21 21.81 286.66 188.14 
215.8 1038.27 638.57 22.92 285.88 191.36 
226.09 1021.75 650.83 23.74 281.72 191.85 
236.38 1029.76 656.52 25.29 284.94 187.11 
246.67 1029.13 650.19 25.86 281.74 191.97 
256.96 1001.80 666.53 26.13 282.74 190.77 
267.25 1008.29 665.65 28.05 277.48 191.11 
277.54 1010.64 669.07 28.52 278.55 191.41 
287.83 1003.80 678.36 28.67 276.64 192.45 
298.12 985.37 687.09 30.13 284.01 191.72 
308.41 1002.86 680.73 30.90 274.78 188.42 
318.7 982.52 690.41 31.83 277.07 192.12 
328.99 977.69 691.41 32.53 276.04 194.47 
339.28 981.97 702.21 33.60 271.80 188.33 
349.57 970.53 703.39 34.04 271.57 190.17 




Figure 7.65. Partial reaction order in 4.2 – D1. 
 
Table 7.130. Concentration data for Experiment 7.8 (D1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1594 0.0748 0.0037 0.2690 
20.29 0.1613 0.0768 0.0041 0.2675 
30.58 0.1616 0.0773 0.0050 0.2630 
40.87 0.1620 0.0786 0.0060 0.2598 
51.16 0.1630 0.0814 0.0075 0.2612 
61.45 0.1595 0.0812 0.0095 0.2557 
71.74 0.1614 0.0840 0.0108 0.2589 
82.03 0.1569 0.0841 0.0125 0.2510 
92.32 0.1574 0.0867 0.0139 0.2510 
102.61 0.1567 0.0877 0.0151 0.2512 
112.9 0.1560 0.0883 0.0163 0.2500 
123.19 0.1557 0.0898 0.0176 0.2505 
133.48 0.1547 0.0895 0.0184 0.2494 
143.77 0.1518 0.0910 0.0193 0.2464 
154.06 0.1517 0.0915 0.0205 0.2445 
164.35 0.1503 0.0920 0.0213 0.2440 
174.64 0.1516 0.0946 0.0227 0.2449 















Partial Reaction Order in arylpalladium bromide 4.2 - D1
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.130. (cont.) 
184.93 0.1493 0.0946 0.0228 0.2432 
195.22 0.1485 0.0942 0.0242 0.2413 
205.51 0.1486 0.0957 0.0248 0.2416 
215.8 0.1478 0.0969 0.0256 0.2413 
226.09 0.1468 0.0968 0.0268 0.2397 
236.38 0.1472 0.0974 0.0271 0.2403 
246.67 0.1447 0.0985 0.0281 0.2389 
256.96 0.1451 0.0989 0.0299 0.2382 
267.25 0.1441 0.0992 0.0295 0.2332 
277.54 0.1433 0.0994 0.0310 0.2345 
287.83 0.1443 0.1023 0.0321 0.2364 
298.12 0.1415 0.1020 0.0329 0.2354 
308.41 0.1422 0.1037 0.0333 0.2326 
318.7 0.1439 0.1056 0.0347 0.2379 
328.99 0.1442 0.1062 0.0355 0.2361 
339.28 0.1411 0.1068 0.0361 0.2325 
349.57 0.1392 0.1061 0.0366 0.2312 
359.86 0.1381 0.1062 0.0372 0.2275 
 












10 1429.97 671.22 5.61 402.32 248.26 
20.29 1334.98 635.58 5.65 369.04 229.01 
30.58 1282.09 613.31 6.64 347.75 219.48 
40.87 1253.67 607.80 7.78 335.04 214.06 
51.16 1224.73 611.53 9.41 327.00 207.82 
61.45 1196.08 609.44 11.89 319.61 207.52 
71.74 1183.29 615.64 13.23 316.36 202.81 
82.03 1164.37 624.41 15.50 310.56 205.36 
92.32 1163.38 640.66 17.10 309.23 204.50 
102.61 1154.77 646.02 18.59 308.53 203.91 
112.9 1151.25 651.73 20.07 307.40 204.14 
123.19 1133.94 653.98 21.42 304.16 201.53 
133.48 1134.79 656.45 22.46 304.89 202.93 
143.77 1115.54 668.53 23.62 301.69 203.28 
154.06 1115.70 673.34 25.16 299.68 203.51 
164.35 1108.57 678.28 26.21 299.92 204.05 
174.64 1105.77 690.37 27.66 297.78 201.86 
184.93 1093.45 692.74 27.89 296.87 202.61 
 722 
Table 7.131. (cont.) 
195.22 1089.65 691.33 29.65 295.08 202.96 
205.51 1090.09 702.47 30.28 295.43 203.02 
215.8 1083.24 710.29 31.23 294.82 202.81 
226.09 1079.81 712.00 32.86 293.92 203.52 
236.38 1074.86 711.47 33.00 292.39 202.01 
246.67 1056.15 719.33 34.14 290.70 202.00 
256.96 1055.19 719.17 36.23 288.69 201.19 
267.25 1060.17 729.37 36.17 285.94 203.50 
277.54 1046.03 725.52 37.76 285.31 201.95 
287.83 1050.91 744.85 38.96 286.86 201.43 
298.12 1034.02 745.07 40.11 286.65 202.16 
308.41 1044.05 761.78 40.79 284.64 203.16 
318.7 1031.49 756.93 41.40 284.19 198.29 
328.99 1028.09 757.26 42.15 280.45 197.22 
339.28 1026.84 777.52 43.75 282.03 201.39 
349.57 1017.14 774.86 44.61 281.56 202.14 
359.86 1016.91 781.57 45.63 279.13 203.71 
 
 
Figure 7.66. Partial reaction order in 4.2 – D2. 
 















Partial Reaction Order in arylpalladium bromide 4.2- D2
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.132. Concentration data for Experiment 7.8 (D2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1582 0.0769 0.0034 0.2698 
20.29 0.1592 0.0785 0.0038 0.2649 
30.58 0.1623 0.0790 0.0050 0.2646 
40.87 0.1627 0.0798 0.0059 0.2603 
51.16 0.1618 0.0805 0.0067 0.2575 
61.45 0.1608 0.0813 0.0080 0.2546 
71.74 0.1626 0.0843 0.0088 0.2585 
82.03 0.1594 0.0836 0.0102 0.2538 
92.32 0.1589 0.0853 0.0109 0.2514 
102.61 0.1619 0.0882 0.0114 0.2566 
112.9 0.1581 0.0866 0.0132 0.2484 
123.19 0.1561 0.0874 0.0142 0.2511 
133.48 0.1586 0.0894 0.0147 0.2555 
143.77 0.1555 0.0894 0.0166 0.2482 
154.06 0.1552 0.0899 0.0164 0.2476 
164.35 0.1546 0.0898 0.0174 0.2537 
174.64 0.1542 0.0907 0.0181 0.2499 
184.93 0.1511 0.0920 0.0190 0.2464 
195.22 0.1518 0.0918 0.0191 0.2440 
205.51 0.1532 0.0956 0.0204 0.2472 
215.8 0.1507 0.0940 0.0210 0.2440 
226.09 0.1510 0.0953 0.0211 0.2416 
236.38 0.1497 0.0970 0.0231 0.2437 
246.67 0.1487 0.0957 0.0229 0.2433 
256.96 0.1503 0.0971 0.0243 0.2451 
267.25 0.1481 0.0969 0.0246 0.2433 
277.54 0.1479 0.0983 0.0256 0.2410 
287.83 0.1470 0.0982 0.0265 0.2394 
298.12 0.1485 0.1002 0.0263 0.2390 
308.41 0.1463 0.1005 0.0275 0.2383 
318.7 0.1476 0.1014 0.0278 0.2393 
328.99 0.1450 0.1018 0.0294 0.2390 
339.28 0.1433 0.1017 0.0307 0.2333 
349.57 0.1404 0.1005 0.0303 0.2319 
















10 1405.18 682.85 4.99 399.40 245.72 
20.29 1308.21 645.08 5.18 362.72 227.28 
30.58 1267.57 616.64 6.50 344.37 216.05 
40.87 1238.46 607.04 7.43 330.15 210.53 
51.16 1218.13 606.19 8.44 323.24 208.35 
61.45 1196.89 605.20 9.94 315.85 205.93 
71.74 1183.38 613.66 10.63 313.53 201.37 
82.03 1168.16 612.59 12.45 309.93 202.74 
92.32 1172.50 629.22 13.40 309.16 204.15 
102.61 1166.73 635.36 13.65 308.23 199.41 
112.9 1157.93 634.64 16.17 303.22 202.65 
123.19 1129.60 632.56 17.16 302.89 200.20 
133.48 1138.74 641.87 17.61 305.66 198.59 
143.77 1139.02 654.91 20.22 302.99 202.69 
154.06 1138.33 659.24 20.09 302.68 202.91 
164.35 1122.03 651.45 20.99 306.89 200.81 
174.64 1122.46 660.51 22.02 303.20 201.42 
184.93 1100.25 669.84 23.03 299.01 201.48 
195.22 1118.25 676.15 23.43 299.52 203.77 
205.51 1106.71 690.71 24.58 297.56 199.82 
215.8 1101.41 686.97 25.54 297.34 202.27 
226.09 1109.72 700.16 25.89 295.93 203.30 
236.38 1087.48 704.60 27.96 295.03 201.00 
246.67 1084.26 698.28 27.88 295.75 201.80 
256.96 1084.15 700.62 29.22 294.77 199.62 
267.25 1076.62 704.85 29.78 294.86 201.18 
277.54 1072.29 712.52 30.91 291.17 200.52 
287.83 1067.55 713.28 32.10 289.71 200.88 
298.12 1070.74 722.59 31.55 287.17 199.43 
308.41 1066.52 732.72 33.38 289.58 201.74 
318.7 1063.50 730.86 33.33 287.38 199.32 
328.99 1044.36 733.23 35.32 286.84 199.22 
339.28 1045.38 742.10 37.29 283.79 201.90 
349.57 1032.94 739.59 37.12 284.37 203.56 




Figure 7.67. Partial reaction order in 4.2 – D3. 
 
Table 7.134. Concentration data for Experiment 7.8 (D3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1639 0.0746 0.0033 0.2693 
20.29 0.1636 0.0742 0.0033 0.2690 
30.58 0.1639 0.0769 0.0042 0.2647 
40.87 0.1637 0.0766 0.0052 0.2621 
51.16 0.1607 0.0774 0.0066 0.2577 
61.45 0.1609 0.0795 0.0076 0.2558 
71.74 0.1623 0.0810 0.0090 0.2602 
82.03 0.1605 0.0812 0.0103 0.2552 
92.32 0.1577 0.0831 0.0117 0.2509 
102.61 0.1631 0.0863 0.0131 0.2526 
112.9 0.1577 0.0845 0.0144 0.2504 
123.19 0.1563 0.0856 0.0150 0.2534 
133.48 0.1573 0.0853 0.0158 0.2499 
143.77 0.1580 0.0899 0.0169 0.2548 
154.06 0.1525 0.0870 0.0181 0.2432 
164.35 0.1565 0.0913 0.0192 0.2443 















Partial Reaction Order in arylpalladium bromide 4.2 - D3
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.134. (cont.) 
174.64 0.1520 0.0889 0.0198 0.2452 
184.93 0.1525 0.0911 0.0210 0.2447 
195.22 0.1537 0.0937 0.0220 0.2422 
205.51 0.1481 0.0919 0.0224 0.2444 
215.8 0.1492 0.0938 0.0237 0.2455 
226.09 0.1497 0.0930 0.0239 0.2421 
236.38 0.1483 0.0951 0.0254 0.2414 
246.67 0.1505 0.0972 0.0264 0.2445 
256.96 0.1461 0.0974 0.0271 0.2413 
267.25 0.1453 0.0974 0.0276 0.2390 
277.54 0.1434 0.0980 0.0285 0.2420 
287.83 0.1435 0.0992 0.0295 0.2380 
298.12 0.1431 0.0991 0.0298 0.2367 
308.41 0.1429 0.1005 0.0311 0.2355 
318.7 0.1412 0.1000 0.0335 0.2356 
328.99 0.1418 0.1010 0.0329 0.2343 
339.28 0.1399 0.1021 0.0337 0.2339 
349.57 0.1381 0.1018 0.0341 0.2306 
359.86 0.1381 0.1035 0.0351 0.2328 
 












10 1371.94 624.37 4.55 375.63 231.53 
20.29 1254.74 568.72 4.24 343.78 212.15 
30.58 1200.44 563.04 5.16 323.08 202.58 
40.87 1166.16 545.27 6.22 311.12 197.04 
51.16 1137.43 547.82 7.80 304.07 195.87 
61.45 1123.87 555.55 8.81 297.89 193.30 
71.74 1109.81 553.86 10.28 296.51 189.19 
82.03 1100.37 556.91 11.75 291.56 189.67 
92.32 1078.85 568.66 13.29 286.11 189.26 
102.61 1083.34 573.26 14.46 279.58 183.76 
112.9 1075.43 576.24 16.38 284.55 188.65 
123.19 1065.62 583.55 17.02 287.85 188.59 
133.48 1070.98 580.84 17.97 283.64 188.38 
143.77 1057.77 602.11 18.86 284.32 185.22 
154.06 1054.15 601.40 20.87 280.27 191.29 
164.35 1048.20 611.09 21.39 272.65 185.26 
174.64 1040.10 608.36 22.60 279.70 189.37 
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Table 7.135. (cont.) 
184.93 1034.58 617.94 23.69 276.63 187.66 
195.22 1027.90 626.89 24.53 270.08 185.08 
205.51 1019.42 632.80 25.66 280.37 190.42 
215.8 1014.18 637.58 26.84 278.12 188.04 
226.09 1020.68 633.97 27.12 275.10 188.60 
236.38 1008.17 646.23 28.73 273.58 188.09 
246.67 1008.35 651.65 29.53 273.07 185.42 
256.96 993.93 663.02 30.70 273.74 188.28 
267.25 991.75 664.60 31.38 271.83 188.82 
277.54 983.52 672.32 32.62 276.67 189.79 
287.83 978.54 676.18 33.55 270.52 188.65 
298.12 974.99 675.04 33.87 268.66 188.46 
308.41 968.95 681.22 35.18 266.09 187.57 
318.7 958.79 679.40 37.91 266.71 187.89 
328.99 961.04 684.29 37.12 264.53 187.45 
339.28 949.73 692.55 38.12 264.55 187.76 
349.57 948.57 698.92 38.97 263.97 189.99 
359.86 938.86 703.20 39.80 263.78 188.05 
 
 
Figure 7.68. Partial reaction order in 4.2 – E1. 
 















Partial Reaction Order in arylpalladium bromide 4.2 - E1
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.136. Concentration data for Experiment 7.8 (E1). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1633 0.0720 0.0053 0.2682 
20.29 0.1631 0.0734 0.0054 0.2627 
30.58 0.1638 0.0752 0.0064 0.2620 
40.87 0.1640 0.0779 0.0083 0.2610 
51.16 0.1614 0.0777 0.0099 0.2543 
61.45 0.1622 0.0815 0.0123 0.2548 
71.74 0.1602 0.0832 0.0143 0.2510 
82.03 0.1570 0.0839 0.0161 0.2495 
92.32 0.1579 0.0869 0.0174 0.2496 
102.61 0.1589 0.0882 0.0194 0.2488 
112.9 0.1575 0.0898 0.0204 0.2482 
123.19 0.1548 0.0892 0.0215 0.2483 
133.48 0.1548 0.0909 0.0229 0.2444 
143.77 0.1537 0.0925 0.0240 0.2445 
154.06 0.1550 0.0944 0.0246 0.2473 
164.35 0.1516 0.0935 0.0255 0.2400 
174.64 0.1518 0.0942 0.0269 0.2443 
184.93 0.1497 0.0942 0.0272 0.2402 
195.22 0.1501 0.0958 0.0280 0.2397 
205.51 0.1479 0.0950 0.0297 0.2375 
215.8 0.1466 0.0971 0.0306 0.2374 
226.09 0.1459 0.0981 0.0310 0.2374 
236.38 0.1478 0.1000 0.0322 0.2369 
246.67 0.1480 0.1013 0.0334 0.2329 
256.96 0.1457 0.1016 0.0346 0.2326 
267.25 0.1430 0.1018 0.0347 0.2325 
277.54 0.1474 0.1051 0.0370 0.2323 
287.83 0.1433 0.1023 0.0369 0.2314 
298.12 0.1435 0.1046 0.0392 0.2332 
308.41 0.1445 0.1054 0.0392 0.2340 
318.7 0.1373 0.1017 0.0391 0.2245 
328.99 0.1387 0.1030 0.0402 0.2278 
339.28 0.1384 0.1064 0.0413 0.2284 
349.57 0.1415 0.1087 0.0429 0.2317 
















10 1416.28 624.75 7.71 387.72 239.97 
20.29 1312.80 591.00 7.23 352.53 222.74 
30.58 1251.65 574.65 8.19 333.69 211.45 
40.87 1214.22 576.98 10.27 322.09 204.89 
51.16 1186.27 570.89 12.16 311.56 203.35 
61.45 1166.87 586.20 14.78 305.63 199.09 
71.74 1147.84 595.93 17.07 299.74 198.22 
82.03 1131.42 604.77 19.31 299.71 199.41 
92.32 1123.15 618.12 20.64 295.89 196.81 
102.61 1124.28 623.77 22.88 293.29 195.69 
112.9 1115.44 636.11 24.06 292.97 195.95 
123.19 1094.18 630.39 25.30 292.49 195.58 
133.48 1091.14 640.82 26.86 287.10 195.01 
143.77 1083.27 651.98 28.15 287.15 194.98 
154.06 1086.82 661.89 28.78 289.09 194.04 
164.35 1085.61 669.13 30.48 286.37 198.07 
174.64 1076.39 667.61 31.84 288.75 196.18 
184.93 1070.89 673.98 32.48 286.48 197.98 
195.22 1055.41 673.17 32.77 280.90 194.50 
205.51 1058.88 679.97 35.45 283.38 198.09 
215.8 1041.90 690.47 36.25 281.25 196.68 
226.09 1036.31 696.93 36.71 281.10 196.56 
236.38 1046.64 707.98 37.95 279.61 195.93 
246.67 1038.02 710.67 39.10 272.29 194.11 
256.96 1040.12 725.30 41.11 276.71 197.49 
267.25 1015.95 723.32 41.06 275.30 196.55 
277.54 1029.90 734.45 43.06 270.45 193.25 
287.83 1015.92 725.57 43.55 273.41 196.15 
298.12 1012.58 738.24 46.10 274.22 195.24 
308.41 1008.04 735.08 45.56 272.04 192.96 
318.7 992.42 734.88 47.04 270.43 199.92 
328.99 992.11 737.24 47.98 271.61 197.93 
339.28 976.58 751.07 48.64 268.74 195.29 
349.57 977.80 751.22 49.41 266.83 191.17 




Figure 7.69. Partial reaction order in 4.2 – E2. 
 
Table 7.138. Concentration data for Experiment 7.8 (E2). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1579 0.0762 0.0041 0.2684 
20.29 0.1604 0.0801 0.0040 0.2666 
30.58 0.1583 0.0799 0.0052 0.2613 
40.87 0.1617 0.0833 0.0057 0.2615 
51.16 0.1607 0.0855 0.0068 0.2575 
61.45 0.1603 0.0870 0.0093 0.2582 
71.74 0.1584 0.0882 0.0107 0.2559 
82.03 0.1583 0.0898 0.0118 0.2541 
92.32 0.1516 0.0874 0.0123 0.2444 
102.61 0.1557 0.0904 0.0143 0.2553 
112.9 0.1522 0.0914 0.0157 0.2544 
123.19 0.1533 0.0926 0.0157 0.2513 
133.48 0.1511 0.0936 0.0174 0.2492 
143.77 0.1508 0.0934 0.0181 0.2465 
154.06 0.1502 0.0937 0.0193 0.2497 
164.35 0.1479 0.0940 0.0194 0.2427 
174.64 0.1491 0.0947 0.0210 0.2445 















Partial Reaction Order in arylpalladium bromide 4.2 - E2
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.138. (cont.) 
184.93 0.1480 0.0958 0.0213 0.2426 
195.22 0.1447 0.0955 0.0219 0.2434 
205.51 0.1483 0.0982 0.0237 0.2442 
215.8 0.1466 0.0991 0.0247 0.2434 
226.09 0.1456 0.1002 0.0252 0.2441 
236.38 0.1456 0.1006 0.0267 0.2417 
246.67 0.1456 0.1007 0.0279 0.2434 
256.96 0.1434 0.1019 0.0284 0.2408 
267.25 0.1412 0.1013 0.0278 0.2388 
277.54 0.1459 0.1053 0.0301 0.2464 
287.83 0.1420 0.1055 0.0310 0.2370 
298.12 0.1405 0.1040 0.0300 0.2328 
308.41 0.1378 0.1034 0.0317 0.2363 
318.7 0.1398 0.1070 0.0314 0.2364 
328.99 0.1397 0.1084 0.0330 0.2354 
339.28 0.1361 0.1059 0.0332 0.2290 
349.57 0.1350 0.1072 0.0353 0.2307 
359.86 0.1371 0.1087 0.0357 0.2349 
 












10 1417.79 684.63 6.07 401.75 248.45 
20.29 1328.16 663.49 5.50 368.00 229.15 
30.58 1262.38 637.11 6.95 347.36 220.65 
40.87 1243.73 640.68 7.34 335.21 212.82 
51.16 1217.69 647.72 8.61 325.19 209.67 
61.45 1191.09 646.19 11.49 319.76 205.58 
71.74 1180.35 656.96 13.29 317.79 206.14 
82.03 1173.50 665.59 14.57 313.96 205.11 
92.32 1162.35 669.95 15.76 312.30 212.14 
102.61 1149.76 667.83 17.55 314.28 204.36 
112.9 1124.57 674.82 19.35 313.16 204.38 
123.19 1129.04 682.23 19.30 308.58 203.81 
133.48 1108.96 686.84 21.32 304.84 203.10 
143.77 1116.40 691.56 22.31 304.14 204.79 
154.06 1113.47 694.64 23.79 308.41 205.06 
164.35 1112.02 706.50 24.27 304.14 208.05 
174.64 1108.37 704.08 26.06 302.86 205.66 
184.93 1087.78 704.22 26.12 297.22 203.39 
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Table 7.139. (cont.) 
195.22 1083.70 715.19 27.35 303.74 207.14 
205.51 1098.32 727.04 29.28 301.32 204.86 
215.8 1077.97 728.33 30.31 298.26 203.38 
226.09 1072.56 738.09 30.98 299.62 203.76 
236.38 1075.37 743.20 32.84 297.56 204.38 
246.67 1068.73 739.67 34.16 297.90 203.13 
256.96 1052.63 748.01 34.73 294.52 203.02 
267.25 1049.32 752.51 34.46 295.69 205.58 
277.54 1046.62 755.48 35.99 294.57 198.46 
287.83 1047.33 778.46 38.13 291.33 204.09 
298.12 1039.48 769.86 37.04 287.11 204.75 
308.41 1031.71 774.09 39.53 294.85 207.13 
318.7 1022.98 783.08 38.28 288.19 202.38 
328.99 1022.42 793.37 40.27 287.11 202.49 
339.28 1021.80 794.82 41.57 286.52 207.73 
349.57 1000.94 794.59 43.60 285.05 205.07 
359.86 1008.74 799.55 43.80 288.08 203.56 
 
 
Figure 7.70. Partial reaction order in Experiment 7.8– E3. 
 















Partial Reaction Order in arylpalladium bromide 4.2 - E3
8-B-4 6-B-3 CCP ArBr CCPlinear Linear (CCPlinear)
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Table 7.140. Concentration data for Experiment 7.8 (E3). 
time (s) [mM] 8-B-4 [mM] 6-B-3 [mM] CCP 
[mM] Aryl 
Bromide 
10 0.1615 0.0729 0.0034 0.2683 
20.29 0.1628 0.0759 0.0042 0.2710 
30.58 0.1626 0.0772 0.0049 0.2636 
40.87 0.1582 0.0776 0.0069 0.2647 
51.16 0.1637 0.0808 0.0081 0.2582 
61.45 0.1611 0.0816 0.0102 0.2564 
71.74 0.1614 0.0841 0.0117 0.2589 
82.03 0.1576 0.0845 0.0133 0.2513 
92.32 0.1542 0.0849 0.0147 0.2492 
102.61 0.1542 0.0860 0.0159 0.2496 
112.9 0.1559 0.0873 0.0174 0.2554 
123.19 0.1538 0.0888 0.0191 0.2494 
133.48 0.1507 0.0896 0.0204 0.2465 
143.77 0.1498 0.0896 0.0212 0.2436 
154.06 0.1492 0.0915 0.0235 0.2494 
164.35 0.1488 0.0929 0.0230 0.2445 
174.64 0.1461 0.0933 0.0239 0.2405 
184.93 0.1496 0.0980 0.0261 0.2478 
195.22 0.1498 0.0978 0.0272 0.2474 
205.51 0.1465 0.0970 0.0274 0.2383 
215.8 0.1442 0.0987 0.0282 0.2395 
226.09 0.1422 0.1003 0.0299 0.2395 
236.38 0.1424 0.1007 0.0305 0.2407 
246.67 0.1429 0.1008 0.0333 0.2368 
256.96 0.1401 0.1020 0.0328 0.2395 
267.25 0.1391 0.1042 0.0338 0.2353 
277.54 0.1372 0.1031 0.0348 0.2306 
287.83 0.1368 0.1052 0.0352 0.2321 
298.12 0.1364 0.1060 0.0373 0.2318 
308.41 0.1358 0.1056 0.0379 0.2282 
318.7 0.1350 0.1086 0.0392 0.2277 
328.99 0.1344 0.1082 0.0411 0.2247 
339.28 0.1313 0.1093 0.0418 0.2288 
349.57 0.1322 0.1116 0.0427 0.2270 
















10 1415.34 639.30 4.92 392.01 242.53 
20.29 1305.09 608.86 5.62 362.12 221.80 
30.58 1239.31 588.49 6.17 334.77 210.83 
40.87 1197.50 587.44 8.72 333.85 209.37 
51.16 1184.01 584.41 9.72 311.21 200.12 
61.45 1165.24 590.06 12.30 309.12 200.14 
71.74 1146.21 597.56 13.84 306.50 196.51 
82.03 1131.51 606.69 15.89 300.63 198.62 
92.32 1116.96 615.19 17.76 300.78 200.39 
102.61 1110.47 619.32 19.06 299.57 199.23 
112.9 1112.01 622.76 20.63 303.64 197.37 
123.19 1094.33 631.94 22.64 295.84 196.92 
133.48 1080.55 642.65 24.38 294.63 198.42 
143.77 1077.54 644.38 25.46 291.99 198.98 
154.06 1067.78 654.77 27.97 297.37 197.96 
164.35 1062.13 663.21 27.36 290.97 197.54 
174.64 1051.45 671.77 28.64 288.49 199.15 
184.93 1044.61 684.57 30.42 288.36 193.20 
195.22 1046.64 683.59 31.68 288.17 193.35 
205.51 1040.09 688.63 32.47 281.88 196.39 
215.8 1020.19 698.01 33.20 282.40 195.76 
226.09 1012.16 714.05 35.53 284.21 196.99 
236.38 1013.90 716.80 36.15 285.52 196.94 
246.67 1013.54 714.65 39.34 279.81 196.18 
256.96 997.48 726.58 38.91 284.22 197.00 
267.25 990.14 741.42 40.10 279.08 196.90 
277.54 985.01 740.43 41.68 275.99 198.66 
287.83 970.81 746.55 41.68 274.54 196.37 
298.12 966.51 751.12 44.04 273.81 196.07 
308.41 968.76 753.48 45.10 271.46 197.43 
318.7 954.70 767.86 46.22 268.38 195.63 
328.99 955.70 769.46 48.71 266.22 196.69 
339.28 938.91 781.42 49.76 272.72 197.83 
349.57 932.20 786.68 50.23 266.65 195.03 





Table 7.142. Summary of initial rates obtained at varying concentrations of arylpalladium halide 4.2. 
Run A (1.04 mM) 
(M/s) 
B (2.08 mM) 
(M/s) 
C (4.16 mM) 
(M/s) 
D (6.25 mM) 
(M/s) 
E (8.32 mM) 
(M/s) 
1 2.70E-05 4.81E-05 7.13E-05 9.38E-05 9.62E-05 
2 2.85E-05 4.39E-05 7.19E-05 8.00E-05 8.61E-05 
3 3.18E-05 4.62E-05 8.57E-05 9.28E-05 1.12E-04 
Average 2.91E-05 4.61E-05 7.63E-05 8.89E-05 9.81E-05 
stdev 2.4556E-06 2.1032E-06 8.1462E-06 7.695E-06 1.3054E-05 
 
 
Figure 7.71. Partial reaction order in arylpalladium halide 4.2. 
 
Structural Characterization of Relevant Complexes 
 
























































In a glovebox, a 1-dram vial was charged with 48.4 mg (100 µmol) of arylpalladium bromide 
complex 4.2, followed by 200 µL of THF-d8. The solids were dissolved with gentle swirling, 
and the solution was transferred to an oven-dried, 5-mm NMR tube. To transfer any remaining 
material, the 1-dram vial received 200 µL of THF-d8, which was then transferred to the 5-mm 
NMR tube, twice, for a total of 600 µL of THF-d8. 
 
An oven-dried, 2-mL volumetric flask was charged with 104 mg (0.50 mmol) of 4-
fluorophenylboronic ester (4.13), and 64.1 mg (0.50 mmol) of TMSOK. THF-d8 was added with 
gentle mixing until the solids dissolved, and the volumetric flask was filled to the line with THF-
d8 to generate a 0.25 M solution of boronate 4.8. The solution was transferred to a 20-mL 
scintillation vial by pipette and capped with a septum cap, and all materials were removed from 
the glovebox. The NMR tube containing 4.2 was cooled to –78 °C in a dry ice/acetone bath. 
 
The probe of a 600 MHz NMR was cooled to –40 °C, and the unknown species 4.4 was 
generated by adding 200 µL of boronate solution 4.8 (50 µmol, 0.5 equiv) to the solution 
containing arylpalladium bromide complex 4.2 at –78 °C. After mixing by vortexing, the NMR 
tube was lowered into the magnet with probe temperature of –40 °C, and the material was 
characterized by 1H, 13C, NMR alongside COSY, HSQC, HMBC, and ROESY. The 13C 
resonances associated with the P(t-Bu)3 ligands appear to be broadened and could not be 
definitively assigned due to the lack of a HSQC cross-peak. 
 
19F and 31P NMR data were generated from a second sample. In a glovebox, an oven-dried, 5-
mm NMR tube was charged with 9.7 mg (20 µmol) of arylpalladium bromide complex 4.2. The 
NMR tube was charged with 400 µL of THF-d8 using a 500 µL Hamilton syringe. An oven-
dried, 1-mL volumetric flask was charged with 13.0 mg (40 µmol) of neopentyl 3,5-
bistrifluorophenylboronic ester (4.10) and 5.1 mg (40 µmol) of TMSOK. The solids were 
dissolved in THF-d8, and the volumetric flask was diluted to the line with THF-d8 to generate a 
40 mM THF solution of boronate 4.1. All materials were removed from the glovebox. 
 
The probe of a 600 MHz NMR was cooled to –40 °C, and the unknown species 4.4 was 
generated by adding 250 µL of boronate solution 4.1 (10 µmol, 0.5 equiv) to the solution 
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containing arylpalladium bromide complex 4.2 at –78 °C. After mixing by vortexing, the NMR 
tube was lowered into the magnet with probe temperature of –40 °C, and the material was 
characterized by 1H, 19F and 31P NMR. The 1H NMR spectra are consistent between the two 
experiments. 
 
Data for 4.4: 
 1H NMR: (600 MHz, THF-d8) 
6.82 (s, 2 H, HC(4)), 6.56 (s, 1 H, HC(5)), 1.31 (s, 54 H, HC(1)) 
 13C NMR: (126 MHz, CDCl3) 
162.95 (d, 1JC–F = 239 Hz, C(6)), 137.5 (s, C(3)), 124.58 (d, 3JC–F = 6.4 Hz, C(4)), 
124.58 (d, 2JC–F = 19.3 Hz, C(5)), 38.42 (br s, C(2?)), 35.41 (br s, C(1?)) 
 19B NMR: (161 MHz, CDCl3) 
  –127.5 ppm (s, FC(6)) 
 31P NMR: (161 MHz, CDCl3) 
  77.28 ppm (s, PC(2)) 
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1H NMR of 4.4: 
 
 



























































































































































13C NMR of 4.4: 
 
 
























































































































































































































19F NMR of 4.4: 
 
 


































































































































































COSY of 4.4: 
 
 

























































HSQC of 4.4: 
 
 




































































HMBC of 4.4: 
 
 



































































ROESY of 4.4: 
 
 































































Experiment 7.10: Structural Characterization of Complex 4.11. 
 
 
In a glovebox, an oven-dried, 5-mm NMR tube was charged with 9.7 mg (20 µmol) of 
complex 4.2. An oven-dried, 1-mL, volumetric flask was charged with 12.8 mg (100 µmol) of 
TMSOK. The volumetric flask received sufficient THF-d8 to dissolve the TMOSK, then was 
diluted to the line to make a 100 mM solution of TMSOK in THF. The TMSOK solution was 
transferred to an oven-dried, 4-mL scintillation vial using a glass pipette. The 4-mL vial was 
capped with a septum cap. The 5-mm NMR tube containing 4.2 was charged with 400 uL of 
THF-d8 using a 1000 µL Hamilton syringe, and was capped with a septum cap. 
All materials were removed from the glovebox, and the NMR tube was immersed in a –
78 °C dry ice/acetone bath. The probe of a 600 MHz NMR was cooled to –30 °C, and 50 µL of 
100 mM TMSOK solution in THF (5 µmol, 0.25 equiv)  was added to the NMR tube containing 
4.2 over 10 seconds. The sample was mixed by vortexing, and 1H, 19F and 31P NMR data was 
collected.  
Again, 50 µL (5 µmol, 0.25 equiv) of 100 mM TMSOK solution in THF (100 µL, 10 
µmol, 0.50 equiv total) was added to the NMR tube containing 4.2 over 10 seconds at –78 °C. 
The sample was mixed by vortexing, and 1H, 19F and 31P NMR data was collected. 
Again, 50 µL (5 µmol, 0.25 equiv) of 100 mM TMSOK solution in THF (150 µL, 15 
µmol, 0.75 equiv total) was added to the NMR tube containing 4.2 over 10 seconds at –78 °C. 
The sample was mixed by vortexing, and 1H, 19F and 31P NMR data was collected. 
Again, 50 µL (5 µmol, 0.25 equiv) of 100 mM TMSOK solution in THF (200 µL, 20 
µmol, 1.00 equiv total) was added to the NMR tube containing 4.2 over 10 seconds at –78 °C. 
The sample was mixed by vortexing, and 1H, 19F and 31P NMR data was collected. 
Again, 100 µL (5 µmol, 0.25 equiv) of 100 mM TMSOK solution in THF (300 µL, 30 
µmol, 1.50 equiv total) was added to the NMR tube containing 4.2 over 10 seconds at –78 °C. 
The sample was mixed by vortexing, and 1H, 19F and 31P NMR data was collected. 
Again, 100 µL (10 µmol, 0.50 equiv) of 100 mM TMSOK solution in THF (300 µL, 40 
µmol, 2.00 equiv total) was added to the NMR tube containing 4.2 over 20 seconds at –78 °C. 























Again, 200 µL (20 µmol, 1.00 equiv) of 100 mM TMSOK solution in THF (500 µL, 60 
µmol, 3.00 equiv total) was added to the NMR tube containing 4.2 over 30 seconds at –78 °C. 
The sample was mixed by vortexing, and 1H, 19F and 31P NMR data was collected. 

















































































1H NMR – 0.5 ppm to –1.0 ppm 
 
 





































31P NMR  
 











































































19F NMR  
 
Figure 7.84. 19F NMR of 4.11. 
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